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FOREWORD REV, A

This report is one of a series prepared by The Boeing Vertol
Company, Philadelphia, Pennsylvania for the National Aeronautics
and Space Administration, Ames Research Center, Moffett Field,
California under contract NAS52-6598, The studies reported

under Volumes I through IV and VIII through X were jointly

funded by NASA and the 1I, &, Army Air Mobility Research and
Development Laborator. = s Directorate, Volumes V through

VII were funded by * - Air Force Flight Dynamice Laboratory,

Wright Patterson Ai» t 3e, Ohio.
This contract was atha i~ .> a by the National Aeronautics and
Space Adm!nirtration. .. ..ichard J. Abbott was the Contract

Administicate~r, Mr. Gary B. Churchill, Tilt Rotor Research Aircraft
Project 0Otfir:, was the Technical Mcnitor, and coordination and
liaison with the U, S. Air Force Flight Dynamics Laboratory was
through Mr, D. Fraga. The Boeing-Vertol Project Engineer for

the work reported in Volume VII was Mr. H. R. Alexander,

The complete list of reports published under this contract is
as follows:

Volume I -- Conceptual Design of Useful Military and/or
Commercial Aircraft, NASA CR-114437

Volwne II -- Preliminary Design of Research Aircraft,
NASA CR=114438

Volume III -- Overall Research Aircraft Project Plan,
Schedules, and Estimated Cost, NASA CR~114439

Volume IV -= Wind Tunnel Investigation Plan for a Full
Scale Tilt Rotor Research Aircraft, CR-114440

Volume V -- Definition of Stowed Rotor Research Aircraft,
NASA CR~114598

Volume VI ~- Preliminary Design of a Composite Wing for
Tilt Rotor Aircraft, NASA CR-11.599

Volume VII =-- Tilt Rotor Flight Control Program Feedback
Studies, NASA CR-114600

Volume VIII -- Mathematical Model for a Real Time Simulation
of a Tilt Rotor Aircraft (Boeing Vertol Model
222), NASA CR-114601

Volume IX =~ Piloted Simulator Evaluetion of the Boeing
Vertol Model 222 Tilt rRotor Aircraft, NASA
CR-114602

Volume X -=- Performance and Stzbility Test of a 1/4.622
Froude Scaled Boeing Vertol Model 222 Tilt
Rotor Aircraf: (Phase 1), NASA CR-114603
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ABSTRACT
An exploratory study has b2en made cf the une ¢ - &fack

control in tilt rotor aircraft. This has .nciudcd tue use of
swashplate cyclic and collective controls and direct iift con-

trol.

various sensor and feedback systems are evaluated in relation
to blade loads alleviation, improvemerit in flying qualities,

and modal suppression.

Recommendations are made regarding additional analytical and
wind tunnel investigations and development of feedback systems
in the full scale flight vehicle. Estimated costs and sched-

ules are given.
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This work was carried out under Task C of NASA-Army Contract
NAS2-6598.

The subject of this research contract was the application of
feedback control in tilt rotor aircraft to accomplish the
following objectives:

. Improve handling qualities

. Reduce blade loads

. Alleviate gust response

. Modal suppression and augmentation of

aeroelastic stability

The feedback systems are primarily concerned with the appli-
cation of swashplate cyclic and collective feedback, although
a study has also been made of the use of flaps, spoilers and
elevators for direct lift eontrol. This work is preceded by
the results of a parametric study of rotor derivatives in
which special attention is given to the influence of blade
frequencies, Load correlation with test data is demonstrated.
Important differences are noted in the derivatives with respect
to shaft angle of attack (alpha) and cyclic pitch (A;). The
low in-plane stiffness blade is seen to have a negative hub
pitching moment under normal flight conditions so that the net
destabilizing effect of the rotor is lecs than would be the
case for a high stiffness blade and this is confirmed by test

data. This has beneficial effects on the horizontal and vertical

1

1
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tz:11 area requirements,

The blade load alleviation and stability augmentation studies
show that various alternative objectives may be met using
cyclic feedback. Alternative systems designed to minimize
flapping and net pitching moment are examined. The require-
ments for cyclic pitch gain and azimuth in dynamic gust
response situations are compared with those suitable for
steady state alleviation and are shown to have differences.
Methods or reading these differences are identified and re-
commended for further study. No stability problems were
encountered up to optimal values of gain in any of the systems
examined, although additional shaping is recommernded in one

case to increase the phase margin,

Direct lift control of normal acceleration response in turbu-
lent air using flaps and spoilers feedback is examined.
Reductions in normal acceleration demonstrated are approxi-
mately 45% in cruise and 15% in transition. This is consid-
ercd highly encouraging 3ince they are obtained without
special effort at optimization or the use of elevator feedback

to trim pitching moments due to flap and spoiler application,

In a low disk loading tilt rotor configuration, the combined
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requirements of rotor governing and gust alleviation are

shown to determine the selection of a governing system. A
governing system, which senses the RPM variation of each rotor
and feeds back to collective pitch an averaged signal, is
shown to be optimal. A system design is discussed which

meets selected error criteria in the presence of (l-cosine)
and random axial gusts, The system is shown to be compatible
with the flying quality characteristics of the aircraft. “here
is no significant degradation in hasic flying qualities and

at the same time a very substantial attenuation in responsive-

ness to axial gusts is noted.

The use of high rate swashplate feedback for modal suppression
is shown to provide very substantial amounts of additional
damping in the selected modes. Predicted results are compared
with those obtained during full-scale tests. Attempts to
introduce additional damping in blade modes showed promise
but an extensive investigation was not made since this topic
is currently of academic interest only. General conclusions
and suggestions for additional study are made in each section,
One general conclusion is that the full potential of some
systems depends on the complementary effects from associated
systems., These relationships are summarized in Table 9.1.

For example, the effectiveness of a blade load alleviation

3
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system will be augmented if aircraft vertical and pitching
response to gusts is reduced by direct 1lift feedback control.
Conversely, the effectiveness of a direct 1lift system in
reducing cabin acceleration will be improved when working
in parallel with a high rate swashplate modal suppression
system. Thus, there is a strorg case for eventually imple-
menting all the systems discussed, although priority should
be given to conventional SAS, rotor governing and load

alleviation systems.

The implications of these proposals on hardware is discussed
in Section 10, This section also considers the implications
of fail-safe and fail-functional requirements and provides
schematics for the various systems discussed., Thes changes
necessary to the currently proposed M222 system in oréer to
implement each of these systems are noted. The impact of

converting to a fly-by-wire system is discussed.

Section 11 presents a number of recommended programs which
are classified under the heading of additional analytical

studies, wind tunnel programc and implementation in a full-

scale flight program,

. Wwme
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Tentative costs and schedules for each of the proposed pro-

grams are given in Section 12.
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2, PROP/ROTOR HUB FORCE AND MOMENT DERIVATIVES

2.1 BACKGROUND

Of fundamental importance to any feedback system using cyclic
pitch is the manner in which hub Inrces and moments respond
to changes in angle of attack a'd incremerts of pitch and

yaw cyclic, 1t is known from previous work that rotor
derivatives are sensitive to a number of parameters, in
particular, blade frequency. In the case of soft in-plane

prop/rotors the derivetives with respect to shaft ancle of

attack (alpha derivatives) have been shown to be particularly
sensitive %o variations in lead-lag frequency ratios near 1l

per rev. An investigation of prop/rotor alpha de¢rivative
sensitivity to blade frequency and lock number is reported in
Reference 2.1. The results reported here add to this bcdy

of knowledge by providing information on the behavior of hub
forces and moments with respect to cyclir pitch (A] derivatives).
The mathematical model used for this study is shown in Figure
2.1. This model was chosen because it permits independent
variation of flap and lag frequency without restriction, The
mast and airfoil properties used are those of the Model 222
26-fcot diameter prop rotor. Results for the same rotor

with its actual root restraints are giver for smaller variations
in blade flap and lag per rev frequency and over a rangs ol
altitude and velocity. Since there are currently in use a
number of different approaches toward non -dimensicnalizin

rotor derivatives, the results given in this repourt are quotcd
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in dimensional units to avoid ambiguity. Physical properties
of the rotor are given in Appendix A.

2.2 VARIATION OF DERIVATIVES WITH LEAD-LAG FREQUENCY RATIO

The behavior of force and moment derivatives over the range
of 0.6 to 2.0 per rev in lead-lag and 1.0, 1.3 and 1.5 for
flap is given in Figures 2,2 through 2.5. It is noted thLat
the alpha and cyclic derivatives share the high degree of
sensitivity to lead-lag frequency ratio particularly

values of NRl just below 1.0,

In both sets of derivatives normal force and yawing moment

attain a minimum at NR; = 1, and that side force and pitching

moment change sign when NRl drops below a value of unity.

This result for the alpha derivatives is the same as for the
earlier study published in Reference 2.l1; the present study

confirms that similar behavior is encountered ii the A; deriva-

tives.

2.3 VARIATION OF LEAD-LAG AND FLAP FREQUENCY RATIQO OVER A

LIMITED RANGE

Figures 2.6 through 2.9 present carpets of alpha and cyclic
derivatives for the Model 222 26~foot diameter rotor at 100
knots and 385 RPM. Since in, the sign convention used positive

A] means that the blade angle is maximum at azimuth zero (top

center), and shaft angle of attack implies maximum excursion
in blade angle of attack at 90-degrees, some correspondence

is expected hetween Fx and Fy' . My and My , etc., It is
a A o Ay
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FIGURE 2.2. EFFECT OF VARIATION OF BLADE FREQUENCY RATIOS

ON CYCLIC FORCE DERIVATIVES - 250 KNOTS
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FIGURE 2.3. EFFECT OF VARIATION OF BLADE FREQUENCY RATIOS
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V = 250 KNOTS Ng, = LEAD-LAG FREQUENCY RATIO
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VARIATION OF PROP/ROTOR NORMAL AND
SIDE FORCE ALPHA DERIVATIVES WITH
RESPECT TO BLADE LEAD-LAG FREQUENCY.
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VARIATION OF PROP/ROTOR PITCHING AND
YAWING MOMENT ALPHA DERIVATIVES WITH
RESPECT TO BLADE LEAD-LAG FREQUENCY.
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FIGURE 2.6 SENSITIVITY OF M222 26FT HINGELESS ROTOR ALPHA
DERIVATIVES FOR NORMAL AND SIDE FORCE TO
VARIATIONS IN BLADE LEAD-LAG AND FLAP NATURAL

FREQUENCIES
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significant, however, that when such a correspondence is
observed there are differences in magnitude. In particular

the side force due to A; is approximately four times larger

than the normal force due to alpha. Figures 2.10 through
2.13 present the equivalent data for 200 knots and a similar
pattern is noted.

These comparisons of alpha and cyclic derivatives are of
considerable importance since they indicate that in some cases
there are substantial differences which may be reflected as
difficulties in selecting comnbinations of cyclic to zero out
the hub forces and moments due to alpha. That is to say,
even under the simplest static conditions there will be
limits to the effectiveness of swashplate feedback load
alleviation system.

2.4 EFFECTS OF ALTITUDE AND SPEED ON PROP/ROTOR DERIVATIVES

Figures 2.14 through 2.17 present carpets of alpha and A;

derivatives for altitudes of 0, 10,000 and 20,000 feet and
velocities of 100 through 300 knots. These plots display
anticipated trends of increasing force and moment with velocity
and reduction with altitude or density.

2,5 CORRELATION WITH TEST DATA

The derivative studies in the preceeding paragraphs were
performed using the Boeing Vertol C-41 prop/rotor derivative
program, This program has been used extensively in predicting
and correlating with rotor derivatives and associated data

obtained on test. In general prediction of trends is excellent

17
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C“IGURE 2.17. SENSITIVITY OF M222 26FT DIAMETER ROTOR YAWING
AND PITCHING MOMENT CYCLIC DFRIVATIVES TO
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with quite good agreement in absolute magnitudes.

2.5.1 Model 213 Four Blade Hingeless Rotor Co;relation

Figure 2.18 presents correlation with rotor derivatives

measured on a 1/9 scale dynamically similar model of a tilt/

stowed rotor conversion model, In this test the rotor hub

forces and moments were carefully measured over a rande of

RPM in which the lead-lag modal frequency progressed from

less than 1 per rev at 900 RPM to values significantly

greater than 1 per rev as the rotor was feathered. The

measured values confirm the predicted behavior trend and the

quantitative correlation is also excellent.,

2,5.2 Correlation With Model 222 26-Foot Diameter Rotor Test
in NASA-Ames 40 X 80-Foot Tunnel

Figure 2.19 shows the schematic of the windmilling test stand

and its instrumentation. Test data were obtained from strain

gages mounted on the outer portion of the wing as shown, and

calibrated to measure normal force, pitching moment and yawing

moment, Comparison with test data was made by calculating the

moments about the wing strain gage locations using forces and

moments predicted by the C-41 program. The results of this

comparison for alpha deriv.tives are given in Figure 2,20

and for cyclic pitch derivatives in Figures 2,21 and

2,22, The analysis did not attempt to account for -

force and moment contributions from nacelle and wing aero-

dynamic interference. Nevertheless, quite good correlation

is observed, These plots also show the values of derivatives
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predicted by several other programs. These include D-88 which
is a blade loads program which accounts for compressible non-
linear downwash and L-22 which uses linear airfoil theory and
uncouvled flap-lag freedoms. C-49 accounts for unsteady aero-~
dynamics while C-41 uses a linear representation. C-41 and C-49
use a modal represen.ation of blade freedoms (2 coupled flap-lag
modes) while D-88 and L-22 make use of a finite element discrete

mass representation.

The rotor derivative data was also compared with C-41 using a
total unresolved moment approach. Total moments about the center
of the wing tip gages and the reference azimuth position (orien-
tation of the moment vector in the rotor disc plane) were cal-
culated from the C-41 hub forces and moments and compared with
test results (Figure 2.23). The interesting conclusion
which is not apparent from the resclved forces and moments is
that the total moment is predicted well but there are slight

differences in the referance azimuth position.

2.5.3 Correlation with Model 222 1/4.622 Scale Model Data

The subject model is a dynamically similar version of the M222.
The test data presented in Figures 2,24 and 2,25 were taken
with the model mounted on a pedestal in the tunnel. The rotors
ware given angles of attack to the free stream by pitching the
complete model with zero sideslip angle¢ and yawing the model

at Zero angle of attack. The yawing data contains minimal

wing induced flow effects and comparison with the pitch data
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indicates the importance of induced flow on the rotor forces

and moments. Forces and moments were computed for the isolated

rotor and it is seen from Figure 2.24 that correlation with test
data is excellent when wing induced effects are small; in Figure

2.25 wing effects introduce perceptible shifts which increase

with dynamic pressure.

2.6 CONCLUSIONS FROM DERIVATIVE STUDY

It is seen that there is a strong similarity between the deri-
vatives for angle of attack and cyclic; however, the differences
are suc that it is prcbably impossible using cyclic to completely
null out simultaneously all hub forces and moments due to angle of
attack. The variation of cyclic derivatives as a function of

lag frequency is similar to that for angle of attack. Compari-
son of analytical data from isolated rotor with test shows that
correlation is good when isolated rotor assumptions are effec-
tively, met, but that induced flow effects are important when

this 1s not the case.
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3. BLADE LOAD ALLEVIATION AND STABILITY AUGMENTATION SYSTEMS

3.1 BACKGROUND AND OBJECTIVES OF STUDY

Tilting prop/rotor type aircraft experience significant blade

loads as a result of non-axial flow in transition from hover

plonad g ENEE e

to the cruise configuration, and in transient conditions such

as maneuvers, gusts, sideslip, etc. However, since cyclic

pitch is a basic feature of most tilt rotor control systems,

it provides a means to significantly reduce the severity of

5~ loading conditions associated with skewed flow. This is
accomplished in two ways. The first is to schedule the appli-
cation of controlled amounts of longitudinal and lateral
cyclic as a function of flight condition. The second, which
is the primary topic of this report, is the automatic applica-
tion of cyclic to reduce loads in amounts proportional to the

. deviat;ons from the scheduled flight program, or to some
equivalent loading in the structure caused by the deviation.
Such a system will not cualy reduce blade loads, but will at the

a same time reduce the associated hub force and moment deriva-

; tives, thus increasiig the static stability margin of the air-

} o craft.‘

. The objective of :ais study is to explore the use of load

alleviation systems in a typical tilt rotor design, taking

—-—rny
Vo

a————y
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into account those factors which might adversely affect per-
formance in a practical situation. These include hardware
characteristics, sensors and actuators, and the impact of
dynamic transient effects as well as idealized steady state
alleviation. System authority is also discussed for its
impact on effectiveness at different flight conditions. The
ability of a feedback control system working through the
swashplate to influence the following will be analyzed:
0 Reduction of blade loads and hub forces and moments
under steady maneuvers and gust encounters
0 Improvement of flying qualities by reducing desta-
bilizing forces and moments from the rotors; improve-
ment of short period response and pilot worklgad
O Alleviation of airframe structural loads
O Improve ride qualities by reduction of gust response

’

accelerations i

3.2 TECHNICAL BASIS FOR USE OF CYCLIC PITCH FEEDBACK IN LOAD
ALLEVIATION

The predominant cause of vibratory loading in prop/rotors iu
blade dynamic response to cyclical angle of attack changes i
associated with non-axial flow caused by shaft tilt to the

free stream or with cyclic pitch of the blade due to tilt of

the swashplate. That is to say, in a propeller or rotor

|
|
% i
li
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whose shaft is inclined at an angle « to the free stream each
blade experiences a sinusoidal increment of incidence of
amount o sin Nt. Tt also experiences a sinusoidal variation
in relative velocity over the blade, and both these effects
combine to give a variation in dynamic pressure and in angle
of attack. The net effect is to produce cyclical perturbation
in the blade loads and blade dynamic response. Associated
with blade response are corresponding shears, bending moments
and strains. Cyclic pitch imposes a 1 per rev variation in
incidence and has accordingly much the same effect as shaft
incidence ékéept that the angle of attack increment is uniform
across the blade and there is no directly associated variation
in blade dynamic pressure. Cyclic pitch in appropriate amount:
is, therefore, used to trim out the angle of attack variations
caused by shaft tilt t< the relative wind. The use of cyclic
pitch to trim out blade loads and for stability augmentation
is established practice in the helicopter field, and the
extension to tilt rotor applications is clearly indicated.
There is, however, minimal discussion of such topics as
scheduling of cyclic to minimize blade loads for normal

flight conditions. The emphasis is on the use of automatic
feedback cyclic control to counteract loa’ occurring due to

off-schedule conditions.
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Such conditions occur during maneuvers and turbulence when
the rotor experiences temporary departures from the trimmed
unaccelerated flight condition.

3.3 TEST DEMONSTRATION OF SWASHPLATE FEEDBACK SYSTEMS

Two test programs were conducted in 1972 in which the use of
swashplate feedback for load alleviation was demonstrated.
The first,in May,was performed using a 1/9.622 scale model of
the Model 222 rotor mounted on NASA wing in the Princeton
Tunnel. The sensor system used consisted of strain gages
measuring pitching moment and yawing moment in the wing. The
system was demonstrated for static situations (i.e., steady
wing angle of attack) and also for simulated long period gust
conditions using the gust generating capability of the
Princeton Tunnel, The results of this test indicated that
substantial reductions in blade response were available with
the correct selection of azimuth and gain. The results of
this test are reported in Boeing Document D222-10047-1
(Reference 3.1)., In September of the same year, the full
scale version of the above model was tested in the NASA Ames
40 X 80-foot tunnel with a similar feedback system operative.
This test also showed that substantial reductions in blade
loads could be achieved using a swashplate feedback system,
The results of this test are given in Boeing Document D222~
10059-1 dated March 1973, (Reference 3.2). The results of

both these tests tend to confirm the results presented in

this report.
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3.4 CANDIDATE SYSTEMS: CHOICE OF SENSORS

The principal feature differentiating one load alleviation
system from another is the signal sensed and fed back through
the swashplate. A number of potentially viable signals and
sensors are tabulated in Table 3.1 along with the advantages

and disadvantages of each system.

Of the sensors listed, the Ag or Bq sensor seems to offer the
most advantage. The other sensors and signals would be
acceptable in principle, but the issue of reliability makes
strain gage systems undesirable. The Ag sensor has the
additional advantage of minimum overall system lag, since each
of the other signals results to a greater or lesser degree
from dynamic response to the forces produced by Aq, This is
not important for quasi-static cases such as steady maneuvers

or long period gusts, but it could become important in dynamic

situations.

A system based on Aq or Bq sensors has, therefore, been

chosen for study.
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TABLE 3.1. CANDIDATE SIGNALS AND SENSORS FOR LOAD ALLEVIATION
SYSTEM
Signal Sensor For Against
Blade Strain Senses variable *Questionable relia-
Bending |[Gage to be controlled bility
Moment *Signal in rotating
system
®No phase lead
Hub Strain Senses variable *Questionable relia-
Bending {Gage to be controlled bility
Moment ¢Signal in rotating
system
*No phase lead
Ag, Bq |[Pressure *Senses variahle
Dynamic [Head which is primary
Pressure cause of loading
Delta *Good reliability
Angle of sPprevious flight
Attack experience
or Side-
slip
Aircraft|Acceler- Signal almost in No use for unaccel-
Normal, |[ometer phase with Aq erated cases such as
Side unscheduled weight
Acceler-
ation
Wing Strain ®sensor in fixed *Questionable relia-
Bending | Gage system bility
Moments Direct measure ‘Lags introduced by
Torsion, of variable wing response
Yaw affecting fly-

ing qualities

sensin con=-
_tract nacelle moment
due to *"g*"

'Need! sdgétio al
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3.5 SYSTEM CHARACTERISTICS

Figure 3.1 is a schematic of the lcad alleviation system

chosen for study.

The signal sensed is the net increment in angle of attack
produced by a gust and the aircraft response. Transfer func-
tions for filters are based on stability considerations and
actuator transfer functions are typical of actual hardware.
The filter has a cut-off frequency of 10 rad/sec and a damping
factor of 0.707. The actuator transfer function is of first

order with break frequency 55.0 rad/sec.

3.6 DESIGN OF A SYSTEM EFFECTIVE FOR QUASI-STEADY CONDITIONS

When quasi=-steady conditions are considered the decision on
system characteristics becomes a matter of:

O Selection of which forces or moments to control; gince
all hub forces and moments cannot be simultaneously
brought to zero, a selection is required.

O How gain and azimuth requirements vary with
flight conditions

v What signal shaping (filtering) is required to avoid

destabilizing dynamic modes

3.6.1 System Designed to Null Rotor Hub Moments in Cruise

The characteristics oi gain and azimuth for a system designed

44
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erox ot

to work on hub pitching and yawing moments were evaluated.

z g

Since only steady state effects are considered, the required

BTS2 s
i

. A; and Bj gain settings are solvable exactly over a range of

s

flight conditions from knowledge of the rotor hub moment

2

f alpha and cyclic derivatives. The results are expressed in

3 terms of azimuth a..? *~_.itau. gain. The azimuth angle is

; defined as

. ' _ -1 |B1 GAIN

, = Tan .

P veT Ay CAIN
and is a direction perpendicular to the axis about which the
swashplate tilts.
Questions to be addressed in this study were:

\ Co O Does system gain and azimuth require scheduling as a

E function of flight conditions?
O Wwhat is the impact of the system on the hub normal

,ot force and moments?

. O what is the impact on aircraft static stability?
. .
: j, The values of A; and Bj gain required were evaluated at dif-
s
§é ferent speeds and altitudes from the equations for hub pitch
)
and yaw moments:
| "rorar T Mra® * My Piv e, B =0
; 3 = a 4+ M. B- 4 it Gy 0
: ! d - £
- "rorar " "% T
iﬂ 45
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These equations are solved for the ratio of A ard B; to o« and
to each other and the answers presented in terms of net
swashplate cyclic gain and acimuth. Filtering requirements
were determined using Bode Diagram Techniques an? system
stability was confirmed by examination of ro. 1locus. The
analytical methodology used is incorporated in the C-48

Flying Qualities and Aeroelastic Stability Prooram. Transient

dynamic response was not evalvated for this systemn.

Figure 3.2 shows the 4ain required in degrees of cyclic pe~
angle -f at+tack, over a speed range of 100 to 300 knots at
altitudes of sea level, 10,000 ft. and 20,000 ft. The asso-
ciated azimuth angles req ired are shown in Figure 3.3 and
indicate that the angle required Jrops froim around 120°¢ at
100 knots to 30° at 300 knots. The conclusion to ke drawn
from these curves is that gain and azimuth scheduling as a
function of speed is required if the systen nbjectives are to
be met at all speeds. The variation witih altitude is not so
striking so that scheduling of gain and azimuth with altitude
is probably not required. The impact of these gain and azi-
muth settings at sea level on the hub normal und side forces
are shown in Fijures 3.4 and 3.5. It it seen that nurmal

force and side force derivatives are also reduced by
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approximately 50% at the higher speeds.

It is concluded from this study that a system can be defined
which will reduce the blade flap bending moments and hub
moments to zero, and that the hub normal and side forces

will be reduced by the same system. This is a beneficial
arrangement for blade loads but may be less acceptable from
the point of view of aircraft static stability. The rotor
hub pitching moment due to angle of attack is negative, i.e.,
nose down for low-in-plane stiffness rotors at cruise advance
ratios. A reduction of hub pitching moment to zero without a
similar reduction in normal force may lead to a net reduction
in static margin. That is to say the bbjective of reduction
of blade loads is not necessarily compatible with flying

gualitiz2s objectives.

3.6.2 System Authority Considevations

Limits may be imposed on the authority of a feedback system
bacause of runaway considerations. That is, unless the system
is fail safe which implies triple redundancy, its authority

must be less than that ava.lable to the pilot or from other con-
trol systems at each condition of flight. The stability char-
acteristics of the aircraft will have a discontinuity when

the system commands exceed the authority of the feedback
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system and since this would be considered unacceptable within
the flight envelope the system gain will be limited so that
flight envelope Ac conditions will not generate demands which
exceed'system authority. This places constraint on gain
scheduling which is a function of speed. Figures 3.4 through
3.7 show the impact of gain restrictions set so that an arbi-
trary system authority of 1.5° in the A; and Bj channels is
not exceeded by feedback éignal demands associated with maxi-
mum flight envelope conditions. It is noted that even with
restrictions on gain settings there is still a significant
reduction in all the hub forces and moments, reflecting a
similar reduction in blade bending moments and shears. The
net effect on pitching moment about the nacelle pivot is
important in relation to static stability. Figure 3.8 shows
the pivot pitching moment with and witlout feedback at sea
level and 10,000 ft. At both altitudes the feedback system
reduces pivot pitching moment slightly at low speed thereby
increasing stacic margin but at high speeds the opposite is
true, with a marked increase in the sea level case. This is
a result of a marked reduction in negative hub pitching
moment which is not accompanied by a similar reduction in

positive normal force.
The net effect on static stability is to provide a slight
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increase at low speed (1l.2% c at 150 knots) where improvement
is most useful, and to decrease the static margin by approx-

imately 5% at 300 knots when a decrease is acceptable,

In summary,this system,based on a reduction of hub moments
criterion,alsn provides reductions in blade loads and normal
side forces, and does not deteriorate the static stability
behavior. However, scheduling of gain and azimuth with speed

is required and preferably with altitude also.

Since the preceeding analysis was based on static considera-
tion only the systems defined were checked for stability by
inspection of their Bode Diagrams. That is the open loop
response of the complete system taking account of blade
dynamics and wing/pylon/fuselage flexibilities and rigid body
freedoms. The diagrams for 150, 250 and 350 knots are shown
in Figures 3.9, 3.10 and 3.11. Decibel levels for 350 knots

are higher than at lower speeds while the phase response is
similar. The levels are for unity gain in the feedback loop.
The net decibel levels are obtained by subtracting the gain
levels indicated. At 350 knocs the phase margin is about the

minimum that would be acceptable and a phase shitting network

is indicated to improve this margin.
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3.7 ALTERNATIVE SYSTEM DEFINITIONS

Since objectives additional to minimization of hub moments may
be required and since a load alleviation system is required to
cperate under transient loading conditions as well as static,
a more general investigacion was initiated. 1In the preceeding
study the system was designed to zero out hub moments due to
steady state loading conditions and it was fortuitous that a
slight improvement in static margin at low speeds came out of
the system. In the present study the behavior of hub forces
and moments and nacelle pivot moments are examined to see if
a better approach is available. To develop a general picture
of the behavior of hub forces and moments and nacelle pivot
moments as functions of gain and azimuth, they were evaluated
for the complete azimuth range and for a set of gain values
ranging from 0 to 1.0 radian of cyclic per radian of shaft
angle. Contours of forces and moments were then plotted as
functions of gain and azimuth as shown in Figures 3.12 and
3.13 for 250 knots and 100 knots respectively. From these
the contours for zero forcis and moments and pivot moments
were constructed and superimposed in Fiqures 3.14 and 3.15,
Examination of Figures 3.12 through 3.15 permits system
parameters to be selected according tco different objectives.

For example, if minimization of pivot moments was of

60
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overriding importance, the system gains would be set to give

an azimuth of 255-degrees and a gain of around 0.2 at 250 knots
with scheduling to give an azimuth ot 316-degrees and gain 0.1
at 100 knots. Bode diagrams for these two conditions are

given in Figures 3,16 ana 3.17 and it is noted that adequate
gain and phase margins exist, An attractive alternative might
be to reduce the pitching moment about the pivot to zero, and
at the same time minimize hub forces and moments as far as
possible., Thus, by selecting an azimuth around 230 degrees and
gain approximately 0.65, the pivot pitching moment is still
<2yoed, but so also are the hub normal and side forces and
pitching moment; only the hub yawing moment remains, and it is
seen from Figure 3.12 that this azimuth and gain setting will
result in a hub yawing mmment of approximately -100,000 ft 1b/
radian compared with one of approximately +100,000 ft-1lb/radian
when no feedback is present. There is, cf course, a net reduction
in total hub moment because the pitching moment has been reduced
to zero. The same reasoning applies at other speeds, At 100
knots the equivalent selection is a gain setting of 0.26 and
azimuth 293-degrees. In this case the total residual hub
moment is approximately -30,000 ft lb/radian compared with a
value without feedback, obtained by resolving 25,000 ft 1lb/
radian of yawing moment and 10,000 £t 1lb/radian of pitching
moment.

The above two examples do not exhaust the possibilities; for

example a net nose down pivot moment might be beneficial and
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this could be provided by increasing azimuth while keeping a N
_ gain setting which made Fy, zero.
ff; It is clear that this approach to the selection of feedback
\it system gains and azimuth is a powerful and flexible tool
'il which may be used not only to reduce rotor effects but to

actively improve the static stability of the aircraft,
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3.8 DYNAMIC RESPONSE CONSIDERATIONS

Many of the situations in which a load alleviation system
might reasonably be expected to work effectively are dynamic
in nature. These include transient maneuvering and gust
loading conditions. In such cases the blade loads and hub
moments depend on the transient response of the blades, which
is govérned not only by shaft ancle of attack, but by rate
and acceleration associated with the rigid body and flexible
response of the airframe., Thus, in a dynamic situation the
behavior of the whole aircraft must be analyzed with a full
accounting of interactions between gust velocities and rotor,
pylon,wing and fuselage responses.

The potential importance of transient response may be seen
from Table 3.2 in which the frequencies and interactions

associated with the components of the Model 222 Tilt Rotor

Research Aircraft are listed.

The feedback control system envisioned for static cases has

certain fundamental limitations when confronted with the
fully coupled dynamic situation., Ashby's "Law of Recuisite

Variety" states that to control a multivariable system, the

[

number of controls provided must not be less than the number d
of independent variables. In the static case there are two
independent variables, blade flap and blade lag, and a good job

of controlling these can be accomplished by the use of the two t

parameters, tqe@ﬁadk gein aéd‘azimu;h. In the dynamic situation
there are many hé?e indépedQth deggaes of freedom, h}l in-
fluencing the biads response, to a greatei or less degree.
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Unless additional feedback loops are providec. to give control
over at least those variables which strongly influence the
rotor behavior, swashplate feedback by itse’f of the type
envisioned in Paragraphs 3.5 and 3.6 will ke of limited
effectiveness since it provides control only over a small
component of the total forces acting on the aircraft. Never-
theless useful reduction in blade load transient may be
denonstrated even in the absence of spec..al measures to
control aircraft normal acceleration and shor. period modal
response,

3.8.1 Method of Investigation and Results. Cruise,

The aircraft was subject to a relatively long period, five
second (l-cosine) gust and the time history of the hub

forces and moments were examined with Aq ifeedback present at
different azimuths, and a gain setting sufficiently small that
no instabilities were yenerated. From the variation of forces
and moments with azimuth a region was selected for further

investigation and the variation of loa’ls with gain determined.

The effect of feedback is‘evaluated from the transient response
of the hub forces and moments. Sample responses are shown in
Figures 3.18 and 3.12 for the 250 knot case with an azimuth setting y
of 150-degrees. Two maximum load points in the time history are .
observed, an initial loading associated with the peak gust
inténaity and an overswing loading of opposite sign. In

some cases the second peak is more severe than the first.
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FIGURE 3.18. EFFECT OF FEEDBACK ON THE DYNAMIC

RESPONSE OF ROTOR HUB MOMENTS, AT
250 KNOTS, 386 RPM.
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Fy VS GAIN/AZIMUTH
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FIGURE 3,2Q. VARIATION OF PEAK HUB NORMAL FORCE
WITH GAIN AND AZINUTH OF PEEDBACK
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FIGURE 3,22, VARIATION OF PEAK HUB YAWING MOMENT
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My vs GAIN/AZIMUTH

FIGURE 3,23. VARIATION OF PEAK HUB PITCHING MOMENT
WITH GAIN AND AZIMUTH OF FEEDBACK
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The peak lcads for a range value of azimuth and gain are
plotted in Figures 3,20 through 3,23, It is seen that an
optimal value of azimuth occurs at approximately 150-degrees,
and both the first and second peak loads reduce with gain.
The reduction is approximately linear for low values of gain,
but a point of diminishing returns is reached around a gain
settirg of 0.5 degrees per degree of alpha, and at higher

settings instabilities were encountered. The reduction in

loadings are as follows:

ZERO GAIN GAIN 0.5 REDUCTION FACTOR

PEAK NUMBER 1 2 1 2 1 2

Fx Normal Force Lb 1830, -~2600 1300, -1450 0.7 0.55

Fy Side Force Lb 7600, -5000 5000, -1500 0.66 0.3

My Yawing Moment 6600, -8600 5000, -4500 0.76 0.525
Ft=Lb

My Pitching Moment 3700, -2300 3000, =500.0 0,81 0.22
Ft-Lb

The same system (i,e., gain 0.5 and azimuth 150-degrees) was
evaluated for 350 knots as shown in Figure 3.24 and 3,25 with

the following results:

ZERO GAIN GAIN 0.5 REDUCTION FACTOR
PEAK NUMBER 1 2 1 2 1 2
Fy Normal Force Lb 3400, -3500 1600, -600 0.47 0.17
Fy Side Force Lb 1300, =900 600, === 0,46 ——
My Yawing Moment 5000, -4500 2500, -50C 0.50 0.11
Ft-Lb
My Pitching Moment 2700, -1800 1500, «-=- 0,55 ————

Ft-Lb
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350 KNOTS 386 RPM
- AZIMUTH = 150°

100
2 50
W
l
A 0 N
8 4.0 8.0 12.0
e TIME~ SECONDS
=) =50
&
A
-
~100
4000
2000 ////*'
/2]
2
" 0 A+—=~E
o ~—-8.0 12.0
, TIME ~ SECONDS
l* -2000
J S
£ ~4000
' {; 2000
; '
1y 1000
, g —§~-’/ \\\ !
| L
§ U t, 4.0 8.0 12.0
foy TIME ~SECONDS
-1000
-2000 :

— NO FEEDBACK
—=-= GAIN = 0.5 DEG/DEG

FIGURE 3.24. EFFECT OF FEEDBACK ON THE DYNAMIC
RESPONSE OF ROTOR HUB FORCES AT
350 KNOTS, 386 RPM
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350 KNOTS 386 RPM
- AZIMUTH=150°

|
|
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~2000 ,
-4000
NO FEEDBACK l(
GAIN = 0.5 DEG/DEG
FIGURE 3.25. EFFECT OF FEEDBACK ON THE DYNAMIC :
RESPONSE OF ROTOR HUB MOMENTS AT i

350 KNOTS, 386 RPM
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The results presented above indicate that useful reductions in
blade load response may be achieved even when swashplate
feedback alone is used. However, azimuth settings are signi-
ficantly different from those determined from purely static
considerations although the net gain required is approximately

the same,

Attempts to achieve a compromise in azimuth and gain between
the static and dynamic cases do not appear to be profitable.

As may be seen from Figure 3,15, the azimuth suitable for the
dynamic case (l150~-degrees) is removed from the desirable static
value of 216-degrees. Alternatively at the 216--degree value
the dynamic system does not produce significant reduction in
load. However, the system characteristics may be adjusted with
frequency so that such compromises are unnecessary. Since

azimuth is a reflection of the relative gain in the Aj; and Bj

channels this affords a method of tailoring azimuth to fre-
quency by the use of different transfer functions for filters

in the A; and B3 loops.

3.8.2 Results in Transition Velocities

The effect of azimuth and gain were explored for the transition
case of 80 knots and 551 RPM. Figures 3.26 through 3.29 show
the variatidn of forces and moments with azimuth and gain. In
this flight condition the most beneficial effects occur around
180-degrees with gain 0.015 degrees per degree of angle of

attack., The time history of hub forces and momenté is shown
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in Figures 3.30 and 3.31 for this case. The reductions in
loads for this case are of a similar order of magnitude to
those in cruise, but it is noted that maximum benefit occurs
at a different azimuth and there is a subgtantial increase
in the sensitivity to gain,

It is seen that with an azimuth of 180-degrees and a gain
setting of 0.15 degrees per degree that the following reduc-

tions are obtained.

ZERO GAIN GAIN 0.15 REDUCTION FACTOR
PEAK NUMBER 1 2 1 2 1 2
Fx Normal Force Lb 550, === 400, --- 0.73 ————
Fy Side Force Lb 22, 58 e==- -== 0.0 0.0
My Yawing Moment 10200, -== 9000, --- 0,88 ———
Ft-Lb
My Pitching Moment 1400, ~-3200 6006, -800 0,43 0.25
Ft-Lb

It is noted that in the transition case the tendency to over-
swing loading is significantly reduced, This is a function

of the short period mode frequency and damping, which is of

the order of 0.04 Hz and 608 critical without feedback, becoming
critically damped at the azimuth and gain selected, as shown

in Figures 3.32 and 3.33.

3.9 CONCLUSIONS AND DIRECTION FOR DEVELOPMENT

A number of conclusions may be drawn from the preceding studies
of load alleviation., The first is that under static conditions,

a swashplate feedback system may be designed which will fulfill
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Fy VS GAIN/AZIMUTH

600

T e

N

400

LBS

Fx

200

-200

AZIMUTH-DEGREES
160 240 320

80 KNOTS
551 RPM
S.L.

=0 GAIN = 0.0025 DEG/DEG
——— GAIN = 0.005 DEG/DEG
V—= GAIN = 0,015 DEG/DEG
=+==NO FEEDBACK

L
FIGURE 3.26. VARIATION OF HUB NORMAL FORCE WITH
AZIMUTH AND FEEDBACK GAIN AT 80 KNOTS

AND 551 RPM.
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Fy VS GAIN/AZIMUTH
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40
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-40
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w7
80 KNOTS o—o GAIN = 0.0025 DEG/DEG
551 RPM === GAIN = 0,005 DEG/DEG
S.L. GAIN = 0,015 DEG/DEG

FIGURE 3.27,.

VARIATION OF HUB SIDE FORCE
AND FEEDBACK GAIN AT 80 XNOT
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My VS GAIN/AZIMUTH

1.2
b
2
.8
>
/)]
m
[
£
.4
&
0 .
80 160 240 320
AZIMUTH-DEGREES
80 KNOTS O—0 GAIN = 0,0025 DEG/DLG
551 RPM ~—— GAIN « 0,005 DEG/DEG
S.L. V= GAIN = 0,015 DEG/DEG

~=-« NO FEEDBACK

FIGURE 3.28. VARIATION OF HUB YAWING MOMENT WITH
AZIMUTH AND FEEDBACK GAIN AT 80 KNOTS

AND 551 RPM.
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My VS GAIN/AZIMUTH

.4
2
vo 0 L ,
~ 80 160 240 320
»
AZIMUTH-DEGREES

a /V’N
N
E - 2'
'

-_06

80 KNOTS
551 RPM
S.L.

O0=——=0 GAIN = 0.0025 DEG/DEG
~——— GAIN = 0,005 DEG/DEG
V=% GAIN = 0,115 DEG/DEG
-=== NO FEEDBACK

FIGURE 3.29. VARIATION OF HUB PITCHING MOMENT WITH
AZIMUTH AND FEEDBACK GAIN AT 80 KNOTS

AND 551 RPM.
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80 KNOTS - 551 RPM
AZIMUTH 180°

100

i 3

4.0 8.0 12.0
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o

INPUT GUST - £/s
o

)]
9 \
' 1
-4
. 4|.0 ;3.1.0 | 12.0
TIME-SECONDS
--500
-2000
100
50
N .
I’a:» 4'.0 8.0 12.0
S
TIME~-SECONDS
-50
~100 j

=== NO FEEDBACK
---— GAIN = 0.015 DEG/DEG

FIGURE 3.30. EFFECT OF FEEDBA~X ON THE DYNAMIC RESPONSE
OF ROTOR HUB FQORCES AT 80 KNOTS AND 551 RPM.
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80 KNOTS = 551 RPM
AZIMUTH - 180°

100 -
o i
v 50}
E(;) b
D 0 TS L o 4_4
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20,000
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0 \
a 0 h S——p—
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< -10,000} TIME-SECONDS
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i
5000 F
wn
q 0
& == 4.0 8.0 12.0
1
n TIME-SECONDS
L -sooof I
-10,0001
NO FEEDBACK
----- GAIN = 0.015 DEG/DEG

FIGURE 3.31. EFFECT OF FEEDBACK ON THE DYNAMIC
RESPONSE OF ROTOR HUB MOMENTS AT
80 KNOTS AND 551 RPM.
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WITH AZIMUTH AND FEEDBACK GAIN.
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one or more of a possiple set of objectives. For optimal
pveLiormance scheduling of feedback gain and azimuth as

a runction of flight condition, (speed and RPM) is necessary.
Although the system demonstrated for 250 knots was even

more effective at 350 knots, reduced speeds and increased

RPM's call for different azimuth settings and reduced gain.

The response characteristics of the blade loads in dynamic
situations may also be substantially improved by feedback.
Differences in behavior noted between transition and
moderately high speed cruise are caused by changes in the
short period mode of the aircraft, and in the damping cf the
blade flapping mode. At 80 knots the short period mode is
almost critically damped and its low frequency makes it
unresponsive to the gust wave length assumed, with the result

that blade loads show little tendency to overswing,

A promising area for additional analytically and experimental
study will be the use of spoiler, flap and elevator feedback
to modify the basic aircraft response characteristics so that
the demands on a swashplate feedback load alleviation system

are more nearly constant over the operating range.

The current study was performed for two conditions; the
alleviation of loads due to a steady state conditicn and of
those induced by flying through a discrete 5 second period

just. Other gust waveleangths must also be considered in
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the design of a useful system, aad this raises the question
of compatibility from the standpoint of frequency. Tie
nature of the blade load response varies with the type and

frequency (period) of the loading condition.

Thus, variation of gain and azimuth with frequency is
anticinated as a requirement. This may be accomplished using
appropriate transfer functions to shape the signals in the

A; and B; channels. At a given frequency the azimuth of the

net feedback signal may be controlled by the relative frequency

response in the two channels,

Relative phasing of the A, and B, signals may also be of

value when unsteady loading conditions are encountered. The
value of phasing the feedback signals applied to the swashplate
is discussed in detail in Section 5. The investigation of

such effects including the complimentary use of feedback to

the conventional controls is recommended for further analytical
and wind tunnel study. The general outline of further

investigation and implementation is given in Section 9.
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4. DIRECT LIFT FEEDBACK CONTROL

4,1 BACKGROUND AND OBJECTIVES

Alleviation of aircraft normal acceleration response to gusts
has long been the objective of many aircraft design teams.
With gust alleviation it was hoped to relieve structural loads,
improve the ride qualities, lessen pilot fatigque, and/or
provide a more stable flying platform. While many early
attempts at gust alleviation were disappointing (References 4.1
4.2, & 4.3) it is thought that in many of these the attempt
was being made without a full understanding of all aspects

of flight dynamics and control system theory. Advances in
avionics and in analytical and simulation techniques would
today provide a much higher probability of success. In
support of this view, atténtion is drawn to the striking
success of systems with very similar objectives such as the
LAMS system which is in operation on the B-52 bomber. This
leads to the feeling that it is worthwhile to renew inves-
tigations of direct lift control systems using current
feedback system technology and spoiler flap technology. The
application of direct lift techniques in Tilt Rotor aircraft
is particularly interesting for several reasons. One is

that these aircraft will spend the greater portion of

their time at low altitudes and thus be in turpulent air,

and a system which responds to reduce the characteristically

nigh lift curve slope of such aircraft would provide
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distinct improvements in ride quality. Another considerat.on
is a high gust response will tend to limit the effectiveness of
the swashplate feedback blade load alleviation system. Since

blade response is stimulated by linear and angular accelerations

of the rotor hub and cyclic pitch control will not be particularly

effective in compensating for such inputs, direct lift feedback
may improve the effectivenes of the blade load alleviation
system in minimizing plade loads. Finally, in a typical tilt
rotor design such as the Model 222, provision of a direct lift
control system represents a relatively modest increment in de-
sign effort and hardware modification. Full span flaps and
spoilers are current features; automatic electrical control of
the full span flaps and symmetrical spoiler control are seen as
relatively miror modifications, along with automatic control

of the elevators to compensate for flap induced pitching moment.

Objectives of the gust alleviation system will be:
O 40% to 60% reduction in normal acceleration
response to gusts
O no adverse effect on aircraft flying qualities

O simplicity of system design

Evaluation of the gust alleviation gystem was made in three
parts. The first section discusses the approach to alleviating
gusts, the math model, and the feedback loops. The second
section discusses the results in terms of gain, system stabi-

lity and gust alleviation. In the third section some
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conclusions are drawn about the effectiveness of the system

and its practicality for a tilt rotor aircraft.

4.2 GUST ALLEVIATION SYSTEM APPROACH

A tilt rotor aircraft design with full span spoilers and flaps has
been used to evaluate a gust alleviation system using direct
lift control (DLC). For gusts which tend to increase the
load factor, spoilers are deflected to "dump" wing lift and
thus negate the effect of the gust. For gusts which decrease
load factor, flaps are deflected thus increasing lift and
negating the gust response., Both spoiler and flap deflection
generate an aircraft pitching ﬁoment which could be trimmed
by gearing the elevator to both the spoiler and the flaps.

A schematic (f the system is shown in Figure 4.1. First
order ap?roximations fo; f' p, spoiler, and elevator

actuators have been made. In 2ach case TaCT = .05 seconds.

To keep the system as simple as possible no filtering has

been empioyed and only a minimum of signal shaping to indicate
whether the flap or spoiler should be deflected was used.
Aircraft angle of attack was sensed rather than normal
acceleration in order to achieve some lead on aircraft response.
The time lead is of two forms., First, if angle of attack

is sensed at the nose of the aircraft there will be a finite
time until the gust reaches the wing., The time lead increment
will be of the form

4ty = (length from nose to wing leading edge)
(aircraft velocity)
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Second, it is known that the growth of wing lift due to

angle of attack takes a finite time (call this At,)+ Thus,
by sensing angle of attack a total time lead of (8t + at,)
can be achieved which would be unavailable if N, acceleration

was sensed. The DLC gust alleviation system was evaluated
for a cruise flight velocity of 250 knots and a 1landing

approach flight condition of 100 knots with nacelle incidence

of 25-degrees.

4,3 EVALUATION OF DLC GUST ALLEVIATION SYSTEM

The angle of attack system was evaluated at 100 knots and
nacelle incidence of 25~degrees and 250 knots and nacelle
incidence of 0-degrees. The 100 knot case was to represent

a landing approach condition and it was desired that gust
alleviation help the pilot hold a precision glideslope. This
aspect is especially important in the instrument flight regime
when one considers the steep glideslopes (7 to 20 degrees)
being proposed for V/STOL aircraft. The 250 knot case repre-
sents a cruise flight condition and the purpose of the system
will be to improve ride qualities.

Evaluation of the 250 knot cruise condition indicated that
with a very simple system a 60% reduction in normal acceler-
ation response to a ramp gust could be achieved with little
effect on the short period mode (Figure 4.2). Spoiler gain

was ég/, = 9,75 and flap gain was ép/, = 4,95. Figures 4,3
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RESPONSE TO
RAMP INPUT

77 RESPONSE TO
NORMAL ACCELERATION RANDOM TURBULENCE

GUST RESPONSE ALLEVIATION,
~PERCENT
100

80

60

40

20

S§p/y = 2.47  Sp/q = 4.95 &g/, = 7.43
8g/q = 4.87  §g/, = 9.75  &§g/q = 14.61

DLC GUST ALLEVIATION GAIN

FIGURE 4.2. EFFECT OF GUST ALLEVIATION SYSTEM GAIN
ON NORMAL ACCELERATION RESPONSE
250 KNOTS
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and 4.4 show the normal acceleration and pitch rate time
history responses for various spoiler and flap gains. In
this configuration the pitching moment due to small deflection
of spoiler and flap is of such magnitude that elevator was
not deemed necessary to trim the moments. The gain level
can have a significant effect on aircraft flying qualities,
At higher levels of gain the short period mode seems to be
adversely affected as seen by the traces of Figures 4.3 and
4,4, A more detailed study of the system dynamics will have
to be performed to determine if this problem can be overcome
so that further effectiveness can be accomplished. 1In the
second portion of the 250 knot study the aircraft was flown
through random turbulence with the system off and the system
on (Figures 4.5 to 4.8). The same gain variation as with

the ramp gust was applied. At a gain level of é6p/ = 4.95
and 6g/4 = 9.75, a 45% reduction in normal acceleration gust

response was achieved. Although this level of gust allevi-

ation is not as great as for the ramp gust, it is significant

and indicates that with further study of possible signal shaping

a gust alleviation level of 60% could be reached and possibly

more.

At a velocity of 100 knots and a nacelle incidence of 25-degrees,

the same DLC gust alleviation system was evaluated. The air-
craft was flown through random turbulence and the actual and

RMS normal acceleration responses were measured. Aircraft

normal acceleration gust response was reduced by 15% in the
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vest configuration, As seen in Figures 4.9 through 4.13 the
aircraft dynamic response seems tc be more affected than at
250 knots. It is evident that at certain values of gain the
phugoid mode is excited in conjunction with the short period
mode - resulting in an increase in RMS response level rather
than a decrease. At 100 knots the dynamic responses of the
aircraft are more complicited because of the rotor shaft
angle and the slower response of the aircraft at this
velocity. A more detailed design of the DLC gust alleviation
system and further analytical studies are required to ensure
that other aircraft modal responses are not degraded. Thus,
flap and spoiler operation may actually excite the wing
bending mode, so that an associated modal suppression system
as discussed in Section 6 might be needed to counteract this

tendency. This should be the subject of further work.

Throughout the evaluation of this system, particular concern
was paid to spoiler and flap deflection rates. At all gain
variations the maximum spoiler rate was l20-degrees per second
and the maximum flap rate was 80-degrees per second. Minimum
design rates for these sur-faces for roll control are 110-
degrees per second and 50-degrees per second respectively, so
that the rates required for gust alleviation represent only

modest increases.

DLC gust alleviation using an angle of attack sensor has been

shown to be of sufficient merit to warrant further investigation.
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At 250 knots a 45% alleviation of the normal acceleration
response to random turbulence was shown and at 100 knots 15%

alleviation was seen.

4.4 CONCLUSIONS

This study has proven the feasibility of DLC gust alleviation
in the cruise flight regime and has shown that such a system
has promise in the transition, approach and .ianding regime.

In the 250 knot cruise configuration a 45% reduction in the
response to random turbulence was noted. At optimum gains the
aircraft short period response was not adversely affected. 1In
a 100 knot transition configuration with nacelle incidence of
25-degrees a 15% reduction in normal acceleration response

was se Sc : -.verse affect on aircraft flying qualities

‘.P-"c . out it is believed that with further study and the

2 of elevator feedback these problems may be overcome.

Mechan.at.ion of the system on a full scale aircraft presents
no major problems., Spoiler and flap actuators which can pro-
duce rates of 120-degrees per second and 80-degrees per second
respsuviuvely will be required for the task. Sone additional
study is required to determine an optimum configuration and

location for tha anyle of attack sensor.
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7%

5. MODAL SUPPRESSION AND AEROELASTIC STABILITY AUGMENTATION

i ;’" 5.1 BACKGROUND AND OBJECTIVES

The concept of using swashplate feedback for nodal suppression
and stability augmentation in tilt rotor aircraft is attractive

for a number of reasons wich are listed below.

O Benefits: 1. Comfort. The mass distribution of a typical
i " tilt rotor aircraft such as the M222 (i.e., large mass con-
centration at the wing tips) is such that a responsive or
lightly damped wing mode may result in an uncomfortable
:! level of cabin vibration at the wing frequency. Cabin acce-
lerations will be of the order of 50% of wing tip accelera-

tions in the fundamental modes at frequencies near the body

o 2y

frequencies of the crew. 2. Safety. While the aircraft

will be built, under current design philosophy, with adeguate

: marcins of stability, the presence of a correctly designed
modal suppression system would increase margins to the point

r

E% where loss cf wing stiffness due to partial structural fail-

ures would not be catastrophic. 3. Advanced Configurations.

-—rs -

2y

o Development of successful and reliable modal suppression and

.eroelastic stability augmentation systems would open up

e
PN |

the path to more advanced design concepts. Currently wing

—ry
b mone®

design is constrained by stiffness requirements associated
with the stability of winé/pylon/rotor dynamic interactions
and this has associated penalties in weight and performance.

Reduction of stiffness constraints would permit the use of

S

a thinner wing with no weight penalty.

a——
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O Cost: Since SAC swashplate actuators are already present

for the SAS and blade load alleviation system, no major
new hardware items are involved; only sensors, which are
envisioned as accelerometer and signal coanditioning avionics,

are required additionally.

0 Effectiveness: Rotor forces applied at the wing tip are

highly effective in forcing or damping the modes.

In the immediate future, however, the value of modal suppression
systems will lie in improvement in ride qualities in turbulent
air, and potential improvement in the fatigue life of the wing
and blades. Studies for the SST, and operational equipment for
the B-52 have shown that feedback (modal suppression devices)
improve the structural gust response and the aircraft ride
qualities. Studies for modal suppression of the SST may be re-

viewed in Boeing Document D3~-7600~10 and D3-7600-11.

Longer term applications would address battle damage survival
where the loss of wing stiffness due to partial destruction

would be compensated for by feedback.

In a new generation of aircraft reliance on feedback might be

proposed as the primary source of aeroelastic stability.

5.2 RATIONAL OF CURRENT STUDY

The study presented below concentrates on the use of swashplate
feedback to augment the damping in the wing vertical bending
mode characteristics of the Boeing Vertol M222 Tilt Rotor

Aircraft are used for the investigation. This

1

114

[EnSTA——

L ]

e ANy

- ANy

s L] " L] . Sy o 1NN e row 4



<.

Ly gh e b M ST TSI N BT N R SRRNE  E T T T N Yo g

copon gl T S

e N

P SR TR

gy

.t

ey e OEED  WBW

iy a

¥ g
"

L 3

Y

vy

———

?
3
13

dam o as

D222-10060-3

mode was selected, (rather than the whirl flutter mode for
example), because its response has a more direct asscciation
with near term applications. Also test data in relation to
wing bending mode suppression was to be acquired and the

fnalytical conclusions could be checked against test data.

For a tilt rotor aircraft with a soft in-plane rotor, the
wing vertical bending mode has been shown to be important
from several aspects:

O gust response

O aircraft weight

0 air resonance.
If response in the wing vertical bending mode could be altered
2r suppressed, improvemcent in the above categories could be
made, Swashplate feedback has keen proposed as a means
for vertical bending modal suppression. Investigation of
this feedback has proceeded in three distinct segments:
O initial investigations with a simplified system concept
O introduction of act.al hardware characteristics and

refined approach to optimization
O proposed use of a "wobbling" swashplate to obtain maximum
effectiveness in suppressing the vertical bending mode,

Initial investigations were primarily exploratory in nature
to determine what could be done to improve wing vertical
bending response, A; shown in Figure 5.1, a perfect feedback
loop was envisioned, Filtering, actuator dynamics or sensor

dyramics were not been considered. Results were encouraging
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and lead the research to the second phase of study.

hase of Lhe study used the system ot Figure 5.2.

. This was felt to be fully representative of an actual hardware

Ja Y- 4

system. Representation of filters, actuators, sensors and phase

shifters were made using actual frequency response calibrations.

(.0 |

- A; and B; feedback signals were assumed to be in phase. 1In

this system a more refined approach was taken with special
consideration toc possible trouble spots. If trouble was located,
"fixes" were proposed and evaluated. Four dJdifferent styles of

Leedo ol were evaluated:

O acceleration feedback with bandpass filter and
phase shifter

O acceleration feedback without fiiter and
phase shifter

0 rate feedback

0 position feedback

The above systems were synthesized and analyzed using the
combined tools of Bode analysis and root locus plots. The sys-
tems were evaluated with all the wing fundamental structurai
modes present, but not rigid body freedoms, Since it was planned
to measure the analytical predictions against data generated
testing a cantilevered wing/rotor system in the NASA-Ames

40x80-foot wind tunnel.

In a third phase of the study a system using a "wobbling" swasinlite

and a possible research prograa is discussed. It is be’ieved that

§ 3" 117
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this style system would make most useful effect of available
cyclic pitch, With this wviewpoint the advantages and dis-
advantages of the system are specified.

5.3 MATHEMATICAL MODEL FOR MODAL SUPPRESSION STUDLES

A windmilling rotor semi-span cantilevered model was used

as the basis for each of the studies. Included in the model
were blade flap and lag degrees of freedom represented by
coning and cyclic modes of the rotor. Fully coupled wing
vertical bending, chord and torsion modes were included.
Figures 5.3 and 5.4 define the frequency and damping spectrum
for the model with the rotor spinning at 386 RPM. There were
slight differences in the math model for the initial studies
which reflected the differences between the 1/9 scale model
arnd the 26-foct rotor full scale test,

There is a high degree of confidence that the mathematical
model is representative of the physical system desired.
Figures 5.5 through 5.10 show the correlation of the mathe-
matical model aralysis with actual test results. Note the
high degree of correlation for the wing vertical bending
mode. Attempts to excite the other modes were not very
successful, as anticipated, which was one of the reasons for

selecting the vertical bending mode for study.

The mathematical model of the feedback system provides six
degrees of freedom which have the flexibility to represent
nearly anything the analyst would desire in the way of transfer

functions. A detailed description of the feedback capability
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is contained in Boeing Documant D210-10435-1, Flying Qualities

and Aercelastic Stability Analysis = C-48 User's Document.

A high degree of confidence also exists in the validity of the
feedback modelling as will be illustrated by correlation in

pParagraph 5.5.1.

5.4 INITIAL EXPLORATIVE STUDIES

During the initial work to augment the damping in the wing
vertical bending mode, four parameters were felt to be
important:

O feedback signal

0 cyclic azimuth position

0 feedback loop gain

O feedback loop time constant,
To better understand the general problem each one of these
parameters was studied in an elementary manner. The effect
on the wing vertical bending mode was noted along with the
effect on the wing torsion mode. The block diagram of the
feedback system is given in Figure 5.1.
Since the purpose of this system was to increase damping
irn the wing vertical bending mode, the obvious choice for a
feedback signal was wing tip velocity. Experience with SAS
systems and general background knowledge of feedback control
systems indicated that damping may be increased in a mode by
feeding back the rate of change of the modal deflection =
wing tip vertical velocity. At the time it was felt to be

unnecessary to investigate other feedback signals. (More
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about this i Section 5.5).

Cyclic azimuth position was the second parameter to be
considered. It was felt that there was an optimum orientation
of the hub forces and moments which would yield the most
damping in the wing vertical bending mode without destabilizing
other modes. Orientation of the hub forces and moments was

obtained by inputting various amounts of A; and Bj cyclic

pitch (Figure 5.11) per unit feedback signal. Thus, by

varying the ratio of A; to B; the force and moment orientation

was moved around the azimuth, It was subsequently realized
that this procedure also controlled the net phase of the
feedback signal. To investigate azimuth variation effect,

carpet plots with A; a:d B; gain variations were made.

Feedback loop gain was expected to control the level of damping
attained. The gain was therefore increased until either the
damping no longer increased or some other mode was driven
unstable. As discussed below, the torsion mode was driven

unstable and thus defined the maximum level of gain,

Feedback loop timc constants (t) of 0., .05 and .1 seconds
were investigated tc yield some insight into the effect of
actual feedback system hardware (actuators, sensors, ~tc.)

on the dynamics of the overall system, These values of 1 were
chosen because experience indicated that control system time

constants varied between .05 and .l seconds.
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Several different arecs of the flight envelope were explored
to evaluate the effect of different velocitv and RPM combin-
ations., Majcr emphasis was placed on the cruise flight
conditions (386 RPM; 100, 150 and 20C krots) and some study
has been made of corner conditions of the flight envelove.
Discussion of the individual conditions follows.

5.4.1 Discussion of Results of Initial Study

Perfect feedback (1t = 0.0 seconds) was evaluated for the
flight conditions of 386 RPM, 100 knots and 386 RPM, 200

knots. Variations in Aj and Bj gain were made and the only

modes signifi~antly effected were the wing vertical bending
and wing torsion modes (Figures 5.12, 5.13, 5.14 and 5.10).
Gains are expressed in degrees of cyclic per foot per second.
Significant increases in wing veirtical bending damping are
seen in both conditions, At maximum gain at 10N knots 32%
critical damping is achieved; at 200 knots 80% critical
damping is achieved. However, at these gains the wing
torsion mode is driven unstable in both cas¢s. Figures 5.16
and 5.17 define the gain envelope for stability of both the
wing vertical bending and tcrsion medes. Using this criteria
the designer may pick values of gain which give him a satis-
factery solution. For instahce at 200 knot values of a = ,4
and b = -,4 yi¢ 4 a decrease in torsion damping from 1.8% to
.9% but a dramatic increase in ve.tical bending damping from
about 1% to 20%. If a further increase in damping is required

in the wertical bending mode and it is desired to have no
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effect on the wing torsion mocde a more complex analvsis must
be performed as discussed in Section 5.5.

£.4.2 Ideal System With First Order Time Lag

Control system time constants were evaluated at the flight
condition of 386 RPM and 159 knots. Figures 5.18, 5.19, 5.20
and 5.21 show the effect of gain at time constants of .05 and
0.1 seconds on the wing vertical bending and torsion modes.
Stability root migration with gain is much the same as with
zero time constant; however, as seen in Figures 5,22 and 5,23
the effect of time constant is tc reduce effectiveness. The
vertical bending mode is more affected by t than the torsion
mode. Damping is decreased 11% in the vertical bending mode
while there is only a .5% change in the wing torsion mode.
Since there is such a large variation in the modal response
of interest it behooves the analyst to carefully evaluate

the dynamic characteristics of each piece of system hardware
and include this information in his math model.

5.4.3 Variations With RPM

Evaluation of the feedback system at 500 RPM and 100 knots
was made (Figures 5.24, 5.25, and 5.26). Feedback with zero

time constants was investigated for a range of Aj and Bj gain.

The results are similar to those at 386 RPM and indicate no
drastic changes in system operations with RPM,

An extreme 200 RPM condition was investigated at velocities
of 100 and 200 knots (Figures 5.27 through 5.32), The same

trends are evident here as at 386 RPM and 500 RPM. The gain
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envelope (Figures 5.29 and 5.32) are a little larger,

but exhibit the same general shape. A total gain envelope for
the portions of the flight envelope investigated is shown in
Figure 5.33. Assuming a time constant of ,05 seconds and a
desire to maintain a minimum of 1% critical damping in the
torsion mode the optimum gain would be a = .4 and b = -.75

yvielding a vertical bending mode damping of 11% at 150 knots.

From this exploratory study it was concluded that rate feedback
showed great potential for adding damping to the wing vertical
bending mode. There were several areas which needed further
investigation:

O other feedback signals

O effect of actual hardware dynamics

O instabilities in other modes and corrective action.
The second portion of the study investigated these parameters

using a refined optimization approach.

5.5 SYNTHESIS OF AN OPTIMIZED SYSTEM ACCOUNTING FOR HARDWARE

COMPONENT DYNAMICS

Using the lecsons learned from the initial studies the approach
to the feedback system synthesis was refined and a more

detailed study was undertaken. Specific addition~ to the

analyses were
0 refined approach to cyclic azimuth selection

0 inclusion of actual hardware dynamics

O shaping and filtering of feedback signal.
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FIGURE 5.33. COMPOSITE FEEDBACK GATN ENVELOPE
FOR VARIOUS FLIGHY CONDITIONS
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Instead of selecting the cyclic azimuth position on the basis

of the stability roots which retlect the magnitude and phase

of the control force, azimuth position was chosen on a magnitude
basis only and phase controlled if necessary by phase shaping.
Determination of the azimuth which yields maximum response in
wing vertical bending was accomplished by calculating the Bode
diagrams for a rosette of azimuth positions. Azimuth location
which yielded the largesc response at the wing vertical bending

frequency was chosen as the feedback control setting.

Since system lags have a significant effect on the level of
damping achievable, it is clear that inclusion of actual system
hardware response characteristics would improve the quality of
any conclusions drawn about modal suppression feedback systems.

The model therefore used characteristics from the 26-foot rotor

set up tested in the 40x80-foot NASA-~-Ames tunnel. These include:

Q9 actuator dynamics
O sensor transfer functions

O swashplate control rod stiffnesses

Other pieces of hardware in the feedback loops had frequency
characteristics which would not affect operation of the feed-
back system (i.e., their break frequency was much higher than

any other frequency in the system).

The basic feedback sensor was an acceleromater mounted on the
nacelle in such a manner as to sense wing tip vertical accele-

ration. The position selected was nodal in the torsion mode.
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Acceleration, rate and position feedback were evaluated by

shaping the accelerometer signals to determine if tne intuitive

choice of rate feedback was correct. Rate and position feedback
signals were obtained by integrating the acceleration signal
once and twice respectively (see Figure 5.2). The capability

for filtering and phace chifting was made available to atten-

A',' N
A\ '
v
Y.,
Wi
g
A
e
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3,
3
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L2
‘v’
b

3 BEL e U N AR TY

e

Y

uate modes which might go unstable (e.g., the wing torsion

CARE AN

mode) or shift the phase at the vertical bending frequency to

get a pure position, rate or acceleration signal.

A rosette of cyclic azimuth positions were run for various

Pl el e e B P e

[
o ey A A

flight conditions (rpm and velocity variations) and Bode dia-

B TR
ve

N * grams plotted. From these the azimuth position (y,.o¢) was

chosen which yielded the largest response in the wing vertical

vy bending mode. It was y,o¢+ = 60 degrees and is shown in Figure

e

b 5.34. F .gures 5.35, 5.36, and 5.37 cshow the Bode plots jor

ATgrpa- T e~
<

the acceleration signal for Y, = 60 degrees. The plots for

. the remaining rpm and velocity conditions may be viewed in
. P Y

y
SR
3

P

Boeing Document D160-10019-1, Pretest Calculation of Open Loop

Frequency Response and Stability of High Rate and Low Rate

Swashplate Feedback Systems of M222 26-Foct Rotor Test. The

plots in this docunent have had a bandpass filter adda:d to them,

The filter is defined in the document.

With the chosen azimuth position several different systeris were
evaluated. For each system the hardware dynamics were included
1n the Bode plots and the gain-phase relationships evaluated

to determine the need for phase shifting or filtering.

157




’
<

.
by

H
.é .
‘! 1
o
i

P e A A NSRS PR

I

TR L 1

~E

>,

" ’
PIEAY A% e e W N s Jud | e, TRt pemarn.ye -

D222-10060-5

270°
i /
. 0 300
- [+]
: 50e 'ROT=80%
2
LIFT ¢
 RELH
y

MATH MONEL SIGN CUNVENTIONS

° A8 = A1 cos ¢ + B1 sin v

POSITIVE Aj; YIELDS NOSE DJWN PITCHING MCMENT (0° to 180°)
POSITIVE By YIELNS NOSE LEFT YAWING MOMENT (90° to 270°)

® Values of ypor demanded give magnitudes of A; and Bj

cyclic such that the maximum blade angle occurs at
the azimuth positior shown above.

FIGURE 5.34 MATH MODEL SIGN CONVENTIONS AND VECTOR ORIENTATION
FOR HI-RATE SYSTEM

e

158

NI

o s

- gy



C o

R

vt e st

g

B e o A T BN

1| T —.

] iy pem o S

D222-10060-23

bap ~oHyT ASYHA

o o o 8
o o o <
< ™ N o
"_——~
\\
~
. ~ ,

AE——— ! . 0.
0 ; <
o5 o t -
g% Y

o i CoH &
o Y é
o m S O
—~
"o |
> o s i

* t

-"‘-—m—-—m~ '

~ 7
\
A
\ ;
v |
4 '
- ,
l
|
i
o o o 3) o
< ~ o N <« )
( ] 1
gp ~NIVD

Figure 5.35. Aeroelastic Stability Augmentation System
Open Loop Frequency Resaponse - Fcueleration
Feedback - 100 Knct Cruise

159

2¢C

10

CQUENCY -~ CPS

F



g ] gyt v & LRl e + M : - - - et Pr——, c——

SdD~AONINOAI I
0z 0T 8 9 v z 1 g*
- - 09-

OUT TSVH iww.ov =
~ INIVD , :
o B e IS SN w.laiv!‘l..ii.l,«lllyl ———— 1»).11.Jlﬂtllcll ——— e OQI.

D222-10060-3

00T

ot Cruise

y Response - Acceleration
160

00c -0

bap ~ovT ASVYHAI
gp ~NIVYD

sedback - 150 Kn

00 - b — L L4

Open Loopr Frequenc

/ 009 = LO¥ 4 :
ooy Ao —— WQH 98¢ =tp——— " ——— - —————=——-— - 0}
SLONM 0ST=A

Figure 5.36. Aeroelastic Stability Augmentation System

a0 -A w ERJ T - ! LI X w|4. 3 mag YT ) o .w\. - n\ 2 v - N 4 - . pra— ¥ % %, g v ZaINE S o R Y
A S v&@..m,n‘..%,.”,,.w,?wr%.nﬁfnwtxmxrﬁaw»mmﬁ‘ﬁtw?v&g oF 4 faeedd - .- s e e R = " " e m————
B - -

“~ - L d . \d
WL Gl T R N R e MRS LA R A A o s -




D222-10060-3

TR SEE R TR R NN W el e emed e PR Tl b A3 LU

CF e

TR

pop ~9VT ASYHA

00

PR 's
PRRRIEAS 2 7 RN L

0oc

oz

1

A e g e e ‘,”.\m.%ﬁai,, A Aot e e o ERTEPIRIP OV PCIT LA, - P00 © SRR TP T L
Mg ﬁnm.m ﬁﬂ..m#vfi,.m?u?uﬁ,;.-k%ﬁ..ﬁ.&%wri.;4 e A8 B T e e e R J i

SdD ~ AONINOTI A

‘ 09-
OYT ASVHI == == e
' NIVD : .

ap ~NIVYD

LOYH 4

Hdd 98¢&=U
SLONX 00Z=A

0 09=

rd

Open Loop Frequency Response - Acceleration

Figure 5.37. Aerocelastic Stability Augmentation System

S

Feedback -~ 200 Knot Cruise

4

lel

=1



wf 2NFTop.
v

¥

- ” w‘,
R ’
Fat s - L R

womae <
VTR .

3 vt

FCRT TR

S )

b2
N

“are Y
e
R

Kty
W

A AT Bt AER IR TR

§

g

g

B
kv-wm.k”" S el e mn T WAt SRS SRR, PR, A sy B RS T W NIRRT N YA L o

-
L}

D222-10060-3
REV. A
5.5.1 Acceleration Feedback

Acceleration feedback was the first to be evaluated because
preliminary model testing had already indicated that useful
improvement could be obtained with this system. On the block
diagram of Figure 5.2, it is the loop without integrators.
Figures 5.35, 5.36, and 5.37 shows the Bode plots for accelera-
tion feedback at 386 RPM and 100 knots, 150 knots, and 200 knots.
On a Bode plot instability is indicated when the phase is 180-
degrers and the gain is 0 dB or greater; however, if the gain

is to be increased the 180-degree crossing shoula be of concern.
In each velocity case there is a 180-degree crossing at approxi-
mately 9 cps which for the mathematical model being evaluated

is the wing torsion mode - the mode which went unstable in the
simplified case. A fourth order narrow bandpass filter was

put in the system to eliminate instabilities. Bode plots

for the system with the filter are shown in Figures 5.38, 5.39,
and 5.40. This takes care of stability at higher and lower fre-
4uencies, The phase at 2.2 cps was not satisfactory and was
shifted by 90-degrees using a phase shift network and the loop
was closed, Stability root variation with gain is shown in
Figures 5,41, 5.42, and 5.43. 1In the best case the wing
vertical bending damping was increased from 1.5% to 17%. This
system was installed and tested on the 26-foot rotor in the Ames
tunnel. Figures 5.44 and 5.45 show excellent correlaticn for
the Bode analysis and the effect of gain on vertical bending

damping. This correlation raises the confidence level in the

program and leads us tou believe that our physical representation

of the feedback system is correct.
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REV. A
Post-test analysis of the system indicated that possibly use

of acceleration feedback was not the most efficient metnod to
increase stability, so rate and position feedback were evaluated

analytically.
5.5.2 Rate Feedback

The second system evaluated was a rate feedback system. As
seen in the Bodes of Figures 5.46, 5.47, and 5.48, the 180-
degree crossing occurs when the gain is well down from the
vertical bending peak at 2.25 cps. At test 40 dB separate the
two. There are no filtering requirements to ensure stability.
The only filter required may be on the accelerometer to remove
excess noise. This filter will have a high break fregquency
and will not affect the system response. Stability rocots were
run for the system and appear on the root loci of Figures 5.49
and 5.50 for 100 and 200 knots. A damping ratio of .33 was
achieved at a gain of .762 deg/ft/sec without degrading the
other stability rocts. It therefore appears that this system
can be more effective than the acceleration system and permits

simpler signal shaping.
5.5.3 Position or Deflection Feadback

The last feedback system to be evaluated was a position system.
With this system it was hoped to raise the frequency of a

given mode and thus postpone or eliminate a resonance condition.
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REV. A
Coasider the frequency spectrum of Figure 5.3. If the wing

vertical bending frequency could be raised to 3 cps without
degrading other modes the coalescence of frequencies known

as air resonance could be postponed until approximately 400
knots. Then from a dynamics point of view the flight envelope
has been widened. Evaluation of the system consisted of
examining the Bode plots (Figures 5.51, 5.52, and 5.53) and
calculating the stability roots. From the Bode plots there
appear to be two 180-degree crossings which may cause trouble,
The crossing at 13 cps does not seem to be troublesome
because of the dB level being far enough down, however, the
crossing at 2.3 cps is a problem and the vertical bending
mode will go unstable at higher values of gain. Stability
roots were run to see if the system went unstable before a

desired level of frequency was reached (Figures 5,54 and 5.55),.

The root locus shows that high levels of gain are required and

that the roots go unstable very quickly.

In summary it is seen that a system based on a rate signal is
effective and less troublesome from the point of view of signal
shaping than an acceleration based system. The position system
could only be expected to be effective very near a stability
boundary, so that for purposes of suppression of a basically

stable but lowly damped mode,rate feedback should be chosen.,
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Fiqure 5.52. Aeroelastic St ibility Augmentation Systam

Open Loop Frequency Response -

Position Feedback - 150 Knots
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.53. Aercelastic Stability Augmentation System
Open Loop Frequency Response -
Position Feedback - 200 Knots
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CRUISE CONFIGURATION

ey 386 RPM

- 100 KNOTS
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FIGURE 5.54: EFFECT OF GAIN ON VERTICAL BENDING
STABILITY ROOTS - POSITION FEEDBACK -
100 knots
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CRUISE CONFIGURATION
386 RPM
200 KNOTS
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FIGURE 5.55. EFFECT OF GAIN ON VERTICAL BENDING STABILITY
ROOTS - POSITION FEEDBACFK -~ 200 KNOTS
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5.6 PREDICTION FOR FURTHER DEVELOPMENT REV. A

The important difference between the exploratory analysis
(section 5.4) and the more refined analysis of Section 5.5

lies in the fact that in the first approach the azimuth is used
to control the system phase relationships, while in the second,
force level rather than phase is the criterion for azimuth se-
iection. Hence, in verms of effectiveness of the system per
degree of cyclic control authority, the second approach is better:
the first system is compromised from the start since some of
the authority is being used to control phase instead of gene-

rating force.

Following this line of thought it is clear that a still better
systein miAy be defined if the available authority is used to gene-
rate force only in the direction which is effective. To accomp-
lish this the concept o swashplate "wobble" or phasing between
the A] and B; feedback signals must be introduced.

5.6.1 Phase Swashplate Feedback

Under static conditions the direction of hub force and moment
may be controlled completely by selection of the proper ratio

Ay and Bl' This ratio may be, and frequently is, expressed as

a unique axis direction or azimuth about which the swashplate
tilts. When dynamic situations are considered it is highly re-
strictive to continue to think in terms of azimuth since it
imposes the constraint of zero phasing between the Ay and By

signals.

The question then arises whether the introduction of relative
phasing between the A} and B) signals can be beneficial in a
dynamic system gsuch ag those for modal suppression discussed

above. To address this question the behavior of the hub forces
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resulting from a swashplate oscillation will be discussed
more in detail.

It is now known from analysis and test that when the swashplate
is given a pitch or yaw oscillation of constant amplitude the
resulting oscillatory normal force and side force are phased
relative to the swashplate motion and to each other. This

means that there is no combination of A} and By which can Le

represented by an azimuth angle which will provide normal
force only. Hence, unless special stens are taken some
proportion of the authority is dissipated in side force,

The special steps involve phasing the B; and A; feedback

signals with respect to each other as derived below,
Stating this in a convenient mathematical form

Normal force due to A; « A,(l1 + i Tan ¢,)

Side force due to Ay = A (1 + i Tan ¢,)
Similarly

Normal force due to Bj=Bj (1 + 1 Tan ¢3)

Side force due to By<B; (1 + i Tan ¢,)
Where Ay, B, are amplitude of pitch and yaw cyclic

oscillations

¢y is phase cf NORMAL FORCE WITH RESPECT TO A,
¢, is phase of SIDE FORCE WITH RESPECT TO A;

The net side force is given by
FY « Al(l + i Tan 02) + B) (1 + i Tan 01)

For FY = 0

184
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Ay 1 + i Tan ¢,
g-l. J + 1 Tan ¢2

Hence the condition of Fy = 0 is fulfilled when the

relative amplitude

Al - 1l + Tan2 ¢1

B) 1+ Tan2 ¢

And the phase of A relative to B i

-1 Tan 43 -Tan ¢
8 = Tan T+ Tan N Tan ¢,

= (¢2-¢1)
This means that a swashplate motion is identified which does
not produce any side force, but generates additional normal
force. That is, if normal force and side force produced by a
swashplate oscillation have a phase angle 6 with respect to

each other, ther imposing this <ame phase angle on the A; and

B, swashplate motions fed back will effectively reduce the

side force to zero, An investigation of the additional
effectiveness released by utilizing the swashplate motion to
produce only normal force was not possible within the  scope

of the present contract, but it is clear from the above analy-
gis that determination of this factor is a matter of tedious
but elementary manipulation.

In physical terms this means that the feedback system should
be designed to produce a wobble in the swashplate rather than

a ro+~t‘on about one unique azimuth axis. In terms of hard-
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ware, the only requirement is that independent phase

shifting networks be provided for the A, ani By channels

instead of a single device as envisioned in the earliar

discussions,

5.6.,2 Advainiages of Phased or Wobbling Swashplate Conirol

Immediately identified advantages of phased swashpliate control
are as follows:
O The fullest use is made of the permitted authority
cf the system.
O Unwanted side forces are eliminated. In the studies
and tests made to date these ha've not proved to be a
problem; however, it is not difficult to envision
a situation where side force wouuld stimulate nacelle
yaw and possibly introduce new instabilities. Gener-
ating only the force specific to the particular mode
whose damping is to be increased removes this
potential problem,

5.7 CONCLUSIONS

A number of different approaches are possible in designirg a
swashplate feedback system for modal suppregsion or duamping
augmentation. The differences lie in the control of phase
and direction of the forces generated by the system. At the
simplest level,the best azimuth angle for the swashpiate is

found with no special acvount takern of the directien of forcaes

generated. At the second level, the swashplate angle is

186
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‘{ l selected to produce maximum force level in the direction of
ﬁf I the node, and the phase angle is then controlled electronically.
!ft

% In the most efficient system which eliminates potential side
§3 l effects and makes optimal use of system authority, the swash-
&

oy plate is given a controlled precession or wobble by intro-

i l ducing a phase angle between the pitch and yaw commands. The
A

$ . . . . .

% I difference in cost between the three systems is minimal since
ER :

g only signal conditioning is involved; hence, any practical

% application of feedback for modal ‘- ovpression should use the
>

% ? phased swashplate control principle.
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6. BLADE TRANSIENT LOADS IN HOVER

6.1 BACKGROUND AND OBJECTIVES

The blade loading discussed in Section 3 arises from skewed
flow conditions, and may be alleviated by the application of
cyclic pitch in appropriate amounts. In hover,a different
type of loading is caused by the rise of cyclic pitch to
control the aircraft: this produces coriolis blade loads in
the steady state and transient blade response as a result of
rapid application of cyclic., There is at present no indi-
cation that blade transients generated by cyclic are a
problem, as borne out by experience on hingeless rotor heli-
copters such as the BO-105., Nevertheless, i+ is of interest
to know whether response in the blade modes may be attenuated
by the use of feedback control through the swashplate, as an

alternative to the more commonly used 63 and ap types of

mechanical feedback coupling. This type of coupling derives
its effectiveness by changing the blade frequency character-
istics and would not be admissible for use in a hingeless
rotor of optimized design,

The principal restriction of kinematical coupling is that the
change in blade angle proportional to’blade flap or lag are
also in phase with the variakle to be modified., Swashplate
feedback is not so restricted since rates of blade flap or

lag may be sensed and this type of signal,when fed back,is

equivalent to the additior of damping., The ability to augment

188
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damping in the blade modes without sicnificantly affecting
the frequency characteristics would be an advance in the

state-of-the-art which might prove valuable in the future.

To examine the feasibility of such an accomplishment a
limited exploratory study was made to determine if feedback
would be an efficient method to increase the damping in the
lead-lag mode. The study was conducted in two stages:

o system sensing ideal signal, i.e., blade

lead-lag rate

o system sensing hub in-plane velocity.
Although the investigation did not delve deeply into signal
shaping and the optimum configuration, the conclusions drawn
are encouraging and indicate that should the requirement arise,
a practical system to augment blade damping can be designed
using cyclic feedback.

6.2 MATHEMATICAL MODEL

The mathematical model used was representative of the symmetrical
degrees of freedom of a tilt rotor aircraft ir. hover. Blade

flap and lag modes as well as wing vertical bending, chord,

and torsion were included in the model. Representation of

the wing elastic modes and the rotor characteristics is

similar to the Model 222 tilt rotor aircraft.

Feedback loop characteristics have been represented by

transfer functions of control system hardware which have been

determined theoretically or by test,
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6.3 EVALUATION OF SYSTEM SENSING IDEAL SIGNAL

In order to determine a maximum boundary of damping that
could be put into the lead-lag mode; the rate of the mode
itself was fed back into the cyclic command, It was
recognized that this was hardly the basis for a practical
system, rnevertheless, the results of this study establish
criteria for more practical systems, From the block diagram
of Figure 6.1, one can see the operation of the system. Blade
lead-lag velocity is sensed and filtered through a low-pass
filter with a break frequency at 2 cps. The filter was

chosen so that signals of higher frequency than (Q-wj) would

be attenuated. The filtered cyclic was then fed back through
the cyclic actuators in such a manner as to have the maximum
cyclic blade angle occur at either 45-degrees or 225-degrees.
These two azimuths were chosen to yield a cursory idea of the
proper quadrant in which maximum blade angle should occur.
Results of the study may be reviewed on Figures 6.2, 6.3, and
6.4, Figqure 6.2 indicates that an azimuth of 225-degrees is

the proper choice to increase damping in the (Q-w;) mode.

AOver the gain range investigated, the damping was increased

from 2% critical to 13% critical - a significant improvement
in terms of structural damping. Root migration with gain

is illustrated in Figure 6.3. Note that the path of the
roots indicates that pure rate feedback is not being obtained

(pure rate feedback is characterized by a root migration that

190

L |

- o ——— o—— o s —— w— Py v S— — st [ ] o L] ___— .



D222-10060-3

XLIDOTIA IANVIA NI JAVIH

(&}
<
L]
[
X
16°LST + SSS°ST +7S IO R 295 /14/S3TDAA DITOXD x
T6 LET *— 3
m
3
: g
3
SOTWYNAQ MOIVNIOV M
. o e & i
ALIDOTIA ANVIA NI €nH qI ‘ n 3
q0 -
©
e ]
(L]
=
)

- GEe R R Wt e P e el et st Biuelt bt e U GER BEE R

RN S ?&ﬁk&?;ﬁﬁyl‘geﬂu STl



N CAELA o

hi

Ry

EX G I

4

3

D222-10060-3

SENSOR LCCATION:
FEEDBACK SIGNAL:
CONTROL ELEMENT:
OUTPUT SIGNAL:

BLADE TIP

BLADE LEAD~LAG RATE

SWASHPLATE

BLADE CYCLIC PITCH

16
=551 RPM
v= 0.0 KTS )
&
12-% 1/’
a /
2
-
£
>
8 -0
4
STABLE
AZIMUTHPOSITION= 'H POSITION = 225°

UNSTABLE

ACTUATOR DYNAMICS

7

e

31.8

§+58.2

FILTERING
157.91

$%4+15.558+157.91

—_—

FIGURE 6.2.

FEEDBACK EFFECT )N THE LOWER
LEAD-LAG MODE
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follows an arc with the radius centered at the origin)., In
fact, there is a phase shift which, if removed, would enable

greater values of critical damping to be obtained at lesser

3 va'ues of gain. Degradation of the aircraft characteristics
f?ﬁ is noted in the root associated with the aircraft pitch

A

%%& degree of freedom, As the gain is increased to the maximum
‘2 investigated an approximate 30% reduction in the pitch

-E%- attitude damping coefficient was observed. This is an un-
'%% desirable by-product which can be eliminated by the proper

R

%

Tk =1
SIET

- e

3

S 5

it
B -

design of a band-pass filter.

Although the study only entered into limited detail, a
significant increase in damping was observed, and it is
clear that refinement of azimuth position, phasing and
filtering would enable further increases in damping to be
obtained.

6.4 EVALUATION OF SYSTEM SENSING HUB IN-PLANE VELOCITY

The study then proceeded tc a system using hub in-plane
velocity as the feedback signal. Representative actuator
and filter transfer functions were used to give some feel
for the practical aspects cof the problem. Hub in-plane

velocity was selected because the (Q-wL) mode of the blade

will produce deflections in the plane of the rotor and there
is, therefore, some expectation that this signal will produce

a similar result when fed back. An accelerometer was mounted

195
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on the hub in a manner to sense hub in-plane acceleration,
This signal was integrated to obtain hub in-plane velocity and
filtered through a low-pass filter (break frequercy at 2 cps)
to attenuate the high frequency signals, Four azimuth

positions were evaluated: 45-degrees, l124-degrees, 225~degrees,

and 304-degrees.

..

From the evaluation of each of these azimuth positions it was
hoped to define the proper quadrant for azimuth position and
to obtain a feeling for the optimum gain range. Figures 6.5
through 6.10 delineate the results of the study. Fcr all
azimuth positions and gains the system appeared to be very

ineffective in augmenting the damping of the (Q-wL) mode.,

There was a strong effect on the pitch attitude and a coupled
vertical bending mode which can be el. minated by proper
filtering. The investigation was rsuspended at this point,

It is believed that with further refinement the design of

the feedback loops (with strict attention to the phase re-
lationships) a significant increase in the damping conlid be
obtained.

6.5 CONCLUSIONS

Damping in the lower lead-lag xiode (ﬂ~mL) may be increased by

the use of feedback as shown by the results for the ideal '
system studied. Design of system for operational use will i

entail further stvdy of sensors, signals and feedback loops,

|
196 ‘



L

I_ N .

D222-10060-3

¥

6527 = NOTLISOJd HINWIZY ' oSV = NOILISOd HINWIZY

NIVO
T T 8° pe 0 v 8" Z°1
g
o0 mna
o ATAYLS z O
- - m . ou
T16°LST+S55°ST+;S Hoq BQ
16°LST P 23
ONIYALIIA 2 B 1 ~
2°85+S Mm 2
8°T¢€ g : x
SOIWYNAQ JOIYALOV m 3]
s &
_ m 3
\ Wu.
v
. °
SIA 0°0=A
W T156=0 -]
&
HOLId OITOAD IQVIE :YINOIS ILndInNo H

ALVIIHSYMS :INTIRKITI TOYINOO
JILVY QYOHO+ILVY FTTTIOWN+ILYY NOISYOL :TVNDIS MOVEAIII
dIJ JTTTIDYN :NOILVIOT dOSNIS

""mlllllzzgill"g

B S - K .
ST T AR 0 e T B AR e e o ey D gy LS RN T,

FL e e L s " o— s



D222-10060-3

SENSOR LOCATION: NACELLE TIP

FEED BACK SIGNAL: TORSION RATE + CHORD RATE
+ NACELLE RATE

: CONTROL ELEMENT: SWASHPLATE

: OUTPUT SIGNAL: BLADE CYCLIC PITCH
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SENSOR LOCATION: NACELLE TIP

FEEDBACK SIGNAL: TORSION RATE 4 CHORD RATE
+ NACELLE RATE

CONTROL ELEMENT: SWASHPLATE

OQUTPUT SIGNAL: BLADE CYCLIC PITCH
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16 T .
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GURE 6,9.FEEDBACK EFFECT ON PITCH ATTITUDE
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7. THRUST MANAGEMENT AND ROTOR GOVERNING FEEDBACK SYSTEMS

7.1 BACKGROUND

Although the study of governing systems was not specifically
a part of the work statement of this contract, the study of
feedback systems to minimize aircraft response to axial gusts
was included in the statement of work. Since the rotor and
aircraft response to axial gusts can be completely changed by
changes in governing systems, and in fact the governor can
itself be the feedback system to minimize gust response, it

was necessary to study the governing system as a whele.

This section therefore add;esses the problems associated with
the design of a thrust management and rotor governing system
for a tilt rotor aircraft with large diameter flexible rotors
which are lightly loaded in cruise. The power plants are

located close to the rotors and cross shafting is provided so

that a single power failure can be accommodated.

In a helicopter, rapid response to pilot demand for changes in
thrust is of paramount importance to permit accurate height
control in hover and near vertical flight. This requirement

has resulted in helicopters with direct pilot control of collec-
tive pitch, with the governor maintaining rpm by governing

fuel flow. In a turboprop airplane, the pilot wants to be

able to demand a fixed power,(e.g. max power throughout take-

off, or normal rated power throughout c¢limb) and so turboprop
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airplanes give the pilot direct control of power (fuel flow)

and the governor maintains rpm by goverrning blade pitch.

A V/STOL aircraft such as a tilt rotor which flies in both
helicopter and fixed wing modes needs to meet both of these
requirements, so that either both types of governing systems
must be installed with some changeover from one to the other
as flight mode is varied, or one system must be made to meet

satisfactorily the requirement of all! regimes of flight.

Use of pilot demand of collective in cruise is considered un-
acceptable because the extreme sensitivity of power to collec-
tive pitch in this regime appears to make it impractical to
give the pilot adequate control sensitivity. Installation of
two sepiarate systems is undesirable from the point of view

of complexity and pilot work load.

Adaptation of the fixed wing airplane system of power demand
and collective governing to the helicopter mode can be achieved
by making a mechanical demand for collective pitch coincident
with the power demand and having the governor perform only a
trimming function on the mechanically demanded collective.

Such a system is used on the Canadair CL-84, and has received
favorable pilot comment. This system has therefore been salec-

ted for tilt rotor.
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7.2 STUDY APPROACH

The study uses three methods of evaluation:
O inner loop response
O outer loop response

O gust response

Inner loop response concerns the RPM response when separated
from the aircraft rigid body modes; that is, the aircraft is
restrained from moving longitudinally, laterally, vertically
and in pitch, roll or yaw. Pertinent structural modes and
blade elastic modes remain in the model (See Appendix A for
description of math model). Use of this method simplifies the
studies and allows the analyst to evaluate the governor only.
In the outer loop response all inner loop degrees of freedom
are maintained and the aircraft rigid body modes of interest
are added to the model. With this technique the analyst knows
the governor characteristics from the inner loop response and
can concentrate on evaluating the effect on aircraft flying
qualities (such as dutch roll response in cruise or vertical
response in hover). Gust response avaluation uses the outer
loop model and "hits" it with a gusit of known magnitude and
shape. Time history responses are obtained and effect of the
governor on aircraft ride qualities and astructural response

may be evaluated.

Using these techniques of evaluation three governor configura-

tions were studied:
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O single governor with one sensor (Figure 7.1)
0 dual independent governors (Figure 7.2)

O single governor with sensors on each rotor (Figure 7.3)

Two modes of operation were considered for each governor. The
all operational mode (i.e., all aircraft components operational
and performing as designed) and the cross-shaft failure mode
(i.e., the cross-shaft connecting the two rotors has been

severed and they are free to rotate independently).

The study has been divided into four sections. The first

deals with the criteria developed for evaluation of the
governor on a tilt rotor aircraft. The second section evaluates
the three governor configurations and a final configuration is
chosen. Third, the effect of the governor on aircraft flying
qualities is evaluated and lastly the aircraft gust response

for conditions of no governor, fuel governor and collective

pitch governor are analyzed.

7.3 DESIGN CRITERIA

Governing accuracy criteria were set up, based on fixed wing

propeller airplane experience. The criteria used were:

0 Maximum error of .3% within 3 seconds
of a disturbance
O Maximum overshoot of 2% rpm in the transient

response to a step input

Fulfillment of these goals requires that the RPM variation
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mode has a frequency of 2.0 radians per second and a damping
coefficient cf ,8. These requirements should be fulfilled in

the all-operational mode and the cross-shaft failure mode.

Flying qualities of the aircraft should not be adversely
affected; that is, the governor configuration should not affect
the rigid body modal response in such a manner that they do

not meet the applicable specification requirements. The f{lying
gualities vortion of the study will concentrate on evaluating

the effect of the governor on:

vertical damping in hover
roll damping in hover

dutch roll damping in cruise

o (@] o (o]

phugoid damping in cruise

It is the goal of this study to reduce the axial ~ust response
of the rotor to a near zero level, however, if this is not
achievable axial accelerations of .2"y"” will be tolerated for

a gust velocity of 20 fps. This level of gust response is a
result of studies performed for the SST to determine objection-

able threshold gqust response characteristics in cruise.

7.4 EVALUATION OF COLLECTIVE PITCH GOVERNOR CONFIGURATIONS

Evaluation of the three governor configurations was performed
to determine which would best suit the needs of a tilt rotor

aircraft. Inner loop studies were made for all configurations
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and some limited outer loop studies were made when necessary.
The all-operational and cross-shaft failure modes were con-

sidered for each configuration.

7.4.1 Single Governor With One Sensor
As shown in Figure 7.1, the single governor with one sensor

would sense rotor RPM of either the left or right rotor (in

s P . « - A Ry
e s U SR RN L

this case the right rotor) and use the error signal to drive
collective pitch for governing of both rotors. In the all-
operational mode this governing concept is acceptable in that

cross-shafting forces the rotors to rotate in unison and

Y S SR Y

rotor RPM is essentially identical. However, if the cross-

shaft fails the rotors are spinning independently; therefore,

Teer i e

only the side with the sensor is being governed. This effect

3,
«!

can be seen from the stability root variation with gain of

Figure 7.4. The root associated with the left rotor RPM is

not affected by changing governor gain which indicates that
this rotor is not being governed. The operation depicted
by the root is unacceptable and disqualifies this configura-

tion from further consideration.

7.4.2 Dual Independent Governors
The dual independent governor configuration (Figure 7.2)

operates on each rotor separately with no inter-rotor

! PR 1SN WP gl P e S e .
WY . L bl g Ll ST o )
L, - e : pias 03
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SINGLE GOVERNOR - 1 SENSOR (RT. ROTOR)
HOVER INNER LOOP
RPM FEEDBACK
1=0,0
NO CROSS SHAFT

GAIN ~ RAD/RAD/SEC

L+ B — ——
~@w§ 0 .005 .01 .015

—Y1.5

| NOTE: THIS FEEDBACK HAS 43,0 ——o
NO EFFECT ON THE LEFT ROTOR
STABILITY ROOTS

RIGHT ROTOR

STABILITY ROOT -
I R— m b

- PE—

LEFT ROOT STABILITY ROOT —

I N N B

-1.5 -1.0 =5 0 .5
DAMPING COEFFICIENT, tw (RAD/SEC)

PIGURE 7.4.SINGLE GOVERNOR WITH ONE SENSOR -

STABILITY ROOT VARIATION
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coupling. Figures 7.5 through 7.9 illustrate that with the
cross-shaft out both rotors are governed and the problem seen
with the single governor with one sensor does not appear.
Note the triangles in Figure 7.5 showing that the presence of
the cross-shaft has no effect on the rotor rotation mode root
migration. The effects of RPM, integral of RPM and RPM rate
feedback were explored for various governor time constants

and no problems arose with other modes gning unstable.

Although the gains chosen to evaluate this configuration were
ﬁot of sufficient level to meet the error criteria, the trends
are important to note. RPM feedback increases the damping of
the rotor rotation mode while keeping the natural frequency
constant (for a governor time constant of 0.0). Figqure 7.7
illustrates this affect. Notice that the root migration
follows an arc of approximately constant radius (constant
natural frequency). As the rocts follow the arc toward the
negative real axis the damping ratio is increased. Also from
this figure the destabilizing effect of governor time constant
is seen. A3 time constant is increased tha locus of roots is
rotated in such a manner that the increase in damping ratio
per unit gain is decreased. Int:gral of RPM feedback (Figure

7.8) increases the damped natural frequency while maintaining
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FLIGHT CONDITION: HOVER 7’
SENSOR LOCATION ; ROTOR SHAFT
PEEDBACK SIGNAL : “NTQR RPM
CONTROL ELEMENT : SWASHPLATE
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FIGURE 7.5. INNER LCOP STABILITY VARIATION FOR
DUAL INDEPENDENT GOVERNORS WITHOUT
CROSS SHAFT
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FLIGHT CONDITION: HOVER
SENSOR LOCATION :
FEEDBACK SIGNAL :
CONTROL ELEMENT
OUTPUT SIGNAL

ROTOR SHAFT

INTEGRAL, OF RPM
: SWASHPLATE
: COLLECTIVE

PITCH

RIGHT ROTOR

RPM VARIATION MODE
(LEFT ROTOR IS IDENTICAL)
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(SEC)
o, &, A, ;
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o
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INNER LOOP STABILITY VARIATIQN FOR
DUAL INDEPENDENT GOVERNORS WITHOUT
CROSS SHAFT
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FLIGHT CONDITION: HOVER

SENSOR LOCATION: ROTOR SHAFT
FEEDBACK SIGNAL: ROTOR RPM
CONTROL ELEMENT: SWASHPLATE
QUTPUT SIGNAL: COLLECTIVE PITCH
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FLIGHT CONDITION: HOVER

SENSOR LOC2Z "'ION: ROTCR SHAFT

FEEDBACK SIGNAL: INTEGRAL OF ROTOR RPM
CONTROL ELEMENT: SWASHPLATE

QUTPUT SIGNAL: COLLECTIVE PITCH

GOVERNOR GAIN (DEG/DEG)

D e T )

-.007 -,003 =-,001 0 .001 ,003
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«©
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RPM VARIATION MODE
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¥
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FIGURE 7.8. INNER LOOP STABILITY VAR{ATION FOR DUAL
INDEPENDENT GOVERNORS WIJ'HOUT CROSS SHAFT
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FLIGHT CONDITION: HOVER

SENSOR LOCATION: ROTOR SHAFT
FEEDBACK SIGNAL: ROTOR RPM RATE
CONTROL ELEMENT: SWASHEHPLATE
OUTPUT SIGNAL: COLLECTIVE PITCH
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FIGURE 7.9. INNER LOOP STABILITY VARIATION FOR DUAL
INDEPENDENT GOVERNCRS WITHOUT CROSS SHAFT
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a constant level of damping coefficient (ch). Once again the
governor time constant is destabilizing in that the locus of
roots is driven toward the unstable right half plane for
negative feedback. RPM rate feedback (Figure 7.9) decreases
the natural frequency and the damping coefficient. As time
constant is increased the locus of roots is rotated ‘o be
similar to integral of RPM feedback. Analfsis of these three
graphs indicates that RPM and integral of RPM feedback will be
useful in meeting the error criteria. RPM rate feedback is
not as desirable for the task at hand.

Results of the inner loop study as discussed above indicated
that the dual independent governor configuration could be
acceptable to meet the steady state error and transient
response criteria for the all-operational and cross-shaft
failure mode. However, an earlier flying qualities study
(NASA Design Ctudy) indicated’ that the dual governor config-
uration could have a deleterious effect on the roll mode in
hover and the dutch roll mode in cruise. To confirm this
trend the roll and vertical translation degrees of freedom
were added to the hover math model and the studies of RPM and
integral of RPM were repeated. Figures 7.10 and 7.11 show
that adding these degrees of rfreedom have no effect on the

inner loop response (i.e.. the inner lnop root migration is
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HOVER ~ OUTER AND INNER L
RPM FEEDBACK
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Q

LEFT ROTOR
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Q
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Eg "‘.01
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l. <t IS THE GOVERNOR TIME
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2. G IS THE GOVERNOR GAIN
IN RAD/RAD/SEC

FIGURE 7.10.DUAL INDEFENDENT GOVERNORS ~ INNER
AND OUTER LOOP STABILITY RESPONSE
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DUAL GOVERNOR
HOVER - OUTER AND INNER LOOP STABILITY
RPM FEEDBACK
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(&)
=
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FIGURE 7.%1.DUAL INDEPENDENT GOVERNORS ~ INNER
AND OUTER LOOP STABILITY RESPONSE
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identical). Figures 7.12 and 7.13 show the rotor rotation
and rigid body root migration. Note that in each case both
the liover roll and hover vertical translation modes were
driven less stable (i.e., the real roots move from the left
half plane toward the origin). 1In cruise the same type of
effect would occur for the dutch roll mode and phugoid mode.
Although inner loop response for the dual independent governor
configuration is acceptable, the effect on the roll and dutch

roll modes is not and disqualifies this configuration.

A schematic of the single governor with two sensors is shown
in Figure 7.3. In this configuration the RPM variation of
each rotor is sensed, the signals are averaged and colluctive
pitch is fed back as a function of the averaged signal. Since
this configuration was felt to be the most likely candidate
for an optimum tilt rotor govexnor system, the feedback loop
has been made considerably more complex. Sensor dynamics

have been added and &re represented as a second order lag with
a break frequency of 50 cps. Thia is a conservative estimate
of sensor dynamics in that magnetic tachometers have a "near
instantanecus" response. Actuator dynamics are representative

of actuators used on Boaing Vertol test hardware. The
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DUAL GOVERNOR
HOVER - OUTER AND INNER LOOP STABILITY

i RPM FEEDBACK
| NO CROSS SHAFT

LEFT ROTOR

GAIN,RAD/RAD/SEC

L S S + .
-.01 -,007 -,003 0 ,003 .00/ .01

1.5

I 1
NOTE:
— 1, FOR PROPER SIGN OF 1.0
FEEDBACK ALL BLADE MODES
ARE STABLE

l
RIGHT ROTOR
ROTATION MODE EL/

4

ROLL MODE LEFT
VERTICAL MODE ROTOR
T ROTATION

MODE

-2.0 ”1.5 -1-0 ".5 0 05

DAMPING COEFFICIENT, gw (RAD/SEC)

FIGURE 7.12.DUAL INDEPENDENT GOVERNCRS -~ INNER
AND OUTER LOOP STABILITY RESPONSE

223

DAMPED NATURAL FREQUENCY,

Z' (RAD/SEC)

WN /i;§



PSed- ~ ps - oY S

g

SR Vo B N8~ - A

“p

D22

2-10060-3

DUAL GOVERNOR

HOVER - OUTER AND INNER LOOP STABILITY

fRPM FEEDBACK

NO CROSS SHAFT
g..
§
- GAIN ~ RAD/RAD
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FIGURE 7.13.DUAL INDEPENDENT GOVERNORS - INNER

AND OUTER LOOP STABILITY RESPONSE
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actuators are represented as first order lags with a time
constant of .017 sec. Signal shaping has been added to the
system as needed. With the addition of the above hardware to
the feedback loop the governor representation is felt to be
representative of an actual governor system.
Bode plots (Appendix B) were calculated for RPM feedback in
various flight conditions in the all-operational mode and the
cross-shaft failure mode to determine the maximum acceptable
values of governor gain when designing to a 30° phase margin
and a 6 dB gain margin. These plots are especially helpful
as working tools in determining if there will be a stability
prowvlem. With them the need for filtering and the
filter characteristics can be easily identified. The gains
are shown in Figure 7.14 as a function of aircraft configura-
tion, velocity and RPM. Maximum gain levels indicated that
there would be no stability problem and that the necessary
governnr gain level would be well within the stability bound-
aries. For this reason bode plots were not calculated for
integral of RPM feedback.
Figures 7.15 through 7.23 show the rotor rotation root migra-
tion with gain for:

0 RPM and integral of RPM feecdback

O cruise and hover modes
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0 all-operational and cross-shaft failure modes
Note that in each case the governor has no effect on the anti-
symmetric rotation mode. Although this is not the most
desirable case from a purely RPM governing point of view, it
is necessary to keep the hover roll damping and the cruise
dutch roll damping from being degraded.
Initially, a straight proportional (Rp!1) feedback was eval-
uated (Figures 7.15, 7.16, 7.20 and 7.21). The desired damp-
ing ratio (shaping of transient response) could be achieved
to meet the error criteria, but the natural frequency was too
low in the hover reqime (the desired accuracy could not be
achieved) and in ' e ~ruise configuration the rotor rotation
roots were real with one rcot very small, thus yielding poor
transient response. To improve the accuracy in hover and
the transient response in cruise, integral of RPM was fed
back (Figures 7.17, 7.22 and 7.23). The gain was increased
until the desired natural frequency was obtained. 1In the
hover regime and the 100 knot cruise case, it was found
necessary to have proportional as well as integral feedback
(Figures 7.18 and 7.19) to achieve the desired accuracy and
shaping of the transient response. The table below specifies
the steady-state integral and proportional gains required to

meet the accuracy and t.ansient response goals.
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FIGURE 7.18. SINGLE GOVERNOR WITH TWO SENSORS
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Flight Condition Integral of RPM RPM Feedback Gain
Feedback Gain (Steady State Gain)
(Steady State
Gain)
Cruise - 100 Kts .327 deg/sec/RPM .0164 deg/RPM
Cruise - 200 Kts .273 deg/sec/RPM 0.0
Cruiae -~ 300 Kts .355 deg/sec/RPM 0.0
dover - Steady .475 deg/sec/RPM .268 deg/RPM
dover - 20 fps Climb .306 deg/sec/RPM .175 deg/RPM
Hover - 20 fps Descent .393 deg/sec/RPM .246 deg/RPM

In the hover regime the range of steady state gains is not so
critical with climb or descent airspeed and it would be accept-

able to have a constant gain in the hover regime of:

0 .475 deg/sec/RPM

0 .245 .4g/RPM (Figure 7.24)

In the cruise regime, the minimum requirements can be satis-

fied throughout the flight envelope with steady state gains of:

0 .355 deg/sec/RPM

O .0177 deg/RPM (Figure 7.24)

7.5 EFFECT OF GOVERNOR ON FLYING QUALITIES

In the hovar configuration, tne governor svstem may influence
the vertical translatior #ac il modes. Since the chosen
governor configur_tion avs: jes :PM fven each rotor, there

will be no effect when ths uir~gra + :-ils since one rotor will

4.3
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tend to increase RPM and the other will tend to decrease RPM.

In the vertical mode both roters tend tc move in unison. The
governor will tend tc maintain constant thrust and thus dzacrease
vertical damping. With no governor the RPM would tend to stay

constant for a short period of time (because of rotor inertia

effects) and the thrust would increase or decrsase - whichever

: oo g

2 would be in the stable sense - during this interval. Figure
b

ﬁi 7.25 illustrates the governor effect on the roll and vertical
i

‘2 modes in root locus form for a tilt rotor aircraft iu the hover
4

-

configura*tion. Note that for the vertical mode the roost is moved

R

Y ey el W B GED T e

toward the right half plane when the governor is operational

which indicates a less stable condition. In fact the vertical

g

damping is reduced by approximately 50%, but as depicted by

Lo Figure 7.26 this is still an acceptable damping leveil.

Rl 3

In the cruise configu-ation the dutch roll and phugbid modes

o

may be affected. The dutch roll mode will be unaffected by

g

;s ! the single governor with two sensors for the same reasons that

" v

the rol) mode in hover is unaffected (Figure 7.27). The
! phugoid mode will be udversely affected by the governor Lkecause

the governor reacts very fast when compared o the phugoid

o

period thus effsactively eliminating any prop/rotor effect

)
LN, »

(Ty AND M,). Four the high wing configuration the rotor effect
is stabilizing therefore loss of the prop/rotor effect will
destabilize the phugoid {(i.e., the aircraft will behave ds a

jet in this mode). There is an interesting trade-off in the

- P I - AN A oS .~ N L
ey g——

cruise configuration bet aen phugoid damping and aircoraft gust

|
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response. For a very "clean" aircraft it may be necessary

to have some auxiliary damping from the prop/rotors to meet
the MIL Spec 8785B level 1 requirements of a damping ratio of
at leasc .04 in the phugoid mode. One way to obtain this would
be to reduce the governor efficiency (and axial gust response
relief) to retain some phugoid damping from the rctors.
However, in early tilt rotor configurations one of the most
frequently expressed pilot comments concerned the aivcraft
axial gust response (AFFTC-TR-60-4), therefcre it seems for
future tilt rotor configurations, aircraft gust response will
necessarily be heavily weighed and t.e trade-off between gust

response and phugoid damping cannot be considered lightly.

7.6 GUST RESPONSE

On earlier tilt rotor and tilt wing aircraft, which were de-
signed more from a helicopter viewpoint than fixed-wing, one
recurring pilot comment was the poor turbulence response along
the longitudinal axis (AFFTC-TR-€0-4). Cince that time it has
become apparent that at least part of the adverse response
problem stems from the use of fuel governing rather than collec-
tive pitch governing. Figure 7.28 illustrates in a crude manner
three different modes of RPM control and the effect of each
when hit by an axial gust. There are five parameters to be

considersd when evaluating axial gust response:

0 gust input
O RPM

0 fuel flow

L
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REV, A
O collective pitch

0 thrust

Of the three control modes ,consider first the case of no RPM

governing. When hit by an axial gust, fuel flow and collec-

SR 1§

LN ¥ § . ¥
LT B W : -

tive pitch stay constant and rotor RPM starts to vary. The

result is that in the steady state the thrust does not change

by nE Y BN e

substantially from its pre-gust value. For a high inertia

<

T VL

rotor there will be some change in thrust as the rotor inertia

delays the rpm decay whereas for a small inertia rotor or

Z7
@ Ay AR

propeiler the RPM will nearly track the gust shape and little

oo

TR w2 Uy

thrust variation will be seen. From a gust response point

Wy
]

s

of view, a low rotational inertia rotor having no gcvernor is
R an acceptable solution; howevar, without a governor the RPM

. variations are of such magnitude as tc make the system unaccept-

’
- e LT

4 able. Next consider the perfect fuel governor (i.e., one that

A3
[,

keeps RPM absolutely constant by controlling fuel f£low). Whena

the rotor is hit by a gust the fuel flow increases or de-

S g T g3 v
st

creases, collactive pitch remains constant and RPM is constant

. vy

resulting in a change in thrust. The change in thrust will

result in acceleration along the longitudinal axis which will
be detrimental to the ride and handling qualities of the air-
craft. The fuel governor then is the converse of the no go-

vernor case - RPM control is acceptable but gust response is

oo

not. The collective pitch governor varies rotor blade angle

to control RPM at coastant pcwer setting. When the rotor is

ey
R

hit by a gust, fuel flow remains unchanged and collective

: ]
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pitch varies in a manner to meintain constant RPM and constant

thrust. This configuration governor then solves the aircraft

axial gust problem by:

O reducing aircraft gust response

O eliminating the RPM variation

ime history gust responses were run for the three modes of
operation discussed above. Collective pitch governor dynamics
and gains werc employed as defined in paragraph 7.4.3. Perfect
fuel governing was evaluated to establish an upper limit gust
response for that configuration and to show a comparison with
collective pitch style governing. The no governor case allowed
the rotor to freely spin on the hub. Response in both hover
and cruise configurations was evaiuated. RPM variation, cabin
acceleration and significant structural responses have been

plotted for each case.

Two gust shapes were used in the evaluation: 1l-cos and random.
The l-cos shape was used to evaluate the governor response 1in
cruise and hover (i.e., determine if the accuracy and transient
response goals were met). Random turbulence was used in the
300 knot cruise case to illustrate the aircraft response with
governor operative when encountering turbulent air. The tur-
bulence model was obtained from NASA and is described iii Refer-
ence 7,2. Results of the gust response study were much as ex-
pected except tha: the adverse acceleration response of the

fuel governor in cruise was worse than anticipated. Figures

248
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7.29 through 7.31 show the results.

In the cruise configuration, the collective pitch governor
effectively keeps the RPM within the 2% transient error and the
.3% steady state error criteria while reducing the longitudinal
acceleration response to gusts to a near zero level. Significant
structural blade elastic modes show no adverse response. In
the worst case (fuel governing) the structural icad and biade
modal response is well below allowable limits. Comparison

of the fuel governor and collective pitch yoverncr traces indi-
cate at a glance the desirability of the collective pitch
governor from a gust response viewpoini. Longitudinal accele-
ration is reduced from a peak value of 9 ft/sec? to 2 ft/sec?
at 100 knots (the worst case for the collective pitch governor)
and at 300 knots from 7 ft/sec? to less than 1 ft/sec?. Thus
at cruise velocities the pilot may fly through a 20 fps axial
gust with minimum aircraft response. Use of the collective
pitch governor should effectively solve the longitudinal acce-
leration problem noted in AFFTC-TR-60-4. Improvement in the
structural gust response is also noted with collective pitch
governing. Although even with fuel governor the blade modal
response and wing chord bending response is small, the colilec-
tive pitch governor improves the .esponse on the same order

of magnitude as the acceleration response is improved. Figure

7.32 illustrates the aircraft flying through clear air
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turbulence at 300 knots with the governor operative. Note that
the same desirable characteristics are present as observed with
the l-cos gust. The RPM error is well within the specified
bounds and in fact the peak variation is never greater than 1
RPM (.3% error). Longitudinal acceleraticn is attenuated with

maximum acceleration never greater than .125 "g".

In the hover configuration, collective pitch governing improves
the aircraft gust response in much the same manner as cruise,
even if the improvement in gust response is not as striking.
The effect is shown in Figures 7.33 thrnugh 7.35. RPM varia-
tion is well within the transient and steady state goals, acce-
leration and structural response is improved. Once again the
wing bending moments are well within allowable limits for an
aircraft of this type and the blade responses are small enough

to be considered insignificant.

One major difference between cruise and hover is the similarity
in vertical acceleration for the no governor and fuel governor
cases. Because of the slower rotor response (lower natural
frequency) than in cruise, the rotor does not respond ar
guickly and there is a larger vertical acceleration response.
Although good gust respcnse is desirable in hover, the RPM hold
capability is more important along with the effect on flying

qualities as described in paragraph 7.5,

The collective pitch governor has a significant beneficial
effect on aircraft grst response in both cruise and hover. 1In
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fact the analysis shows that in cruise the collective pitch
governor eliminates one portion of the adverse gust response

seen in earlier tilt rotor aircraft.

7.7 CONCLUSIONS

A collective pitch governor which senses the RPM variation of

each rotor and feeds back collective pitch proportionally to

the averaged signal has been chosen as the configuration which

satisfies the requirements of a tilt rotor aircraft. RPM
variction has been shown to be within the error criteria for
1-cos and random axial gusts. In the rigid body modes whica
may be affected there is either no degradation or a small ‘a2~
gradation which is not harmful to the flying qualities of

che aircraft. The most significant improvement this governor
cenfiguration makes on the aircraft is in axial gust response
in cruise. The "bucking" or "jerking" of earlier tilt rotor

configurations has been eliminated so that the aircraft may

now fly in turbulcpnc conditions with a minimum of longitudinal

response in cruise.
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8. APPLICATIONS OF SWASHPLATE FFEDBACK SYSTFMS TO FOLDING

TILT RCTOR CONFIGURATIONS

Applications of swashplate feedback for the folding tilt rotor
aircraft fall into two categories:

l. 1loiter or low speed cruise, and

2, spin up and spin down.
In both of the above categories the level of blade loads is
not prohibitive without f:edback; however, tne loads may be
reduced to a lower level for gust alleviation or stability
augmentation.
In the loiter or low speed cruise regime the same concepts of
load alleviation may be applied as in Paragraphs 3 and 7. The
rotor will be fully operational and spinning at design RPM;
hence, the configuration will be identical to tilt rotor
configurations previously analyzed. An area of concern for
this system will be, if and how, to phase out swashplate feed-
backas the aircraft approaches the folding regime of flight.
This problem will not be one of advancing the technology, Lut
rather one of gain scheduling.
Spin up and spin down of the rotor may be a possible cause of
high blade loads. To investigate thc¢ level of these loads, a
scale model test of the folding tilt rotor was undertaken in
1971 using a 1/9 scale semi-span model., The results may be
reviewed in Ref., 8.1, Air Force Technical Report AFFDL-TR-71-62,
Vol. VII. In summary, various spin uvp and spin down schedules

were tried to investigate the effect on blade loads. In each

265



S ne geghp il

Py

.. - PR Y, 5
R A e T ¥ L

ST A AN TS AR L T T

e

D222-10060-3

case the loads were small. There was not a large variation in
loads for the different spin schedules and, in fact, the final
schedule was chosen on a basis of drag, not blade loads. It
therefore appears that feedback will not be required during
spin up and spin down, and it may be convenient to phase it

out at som¢ rpm lower than normal cruise,
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9. CONCLUSIONS AND RECOMMENDATIONS

The analytical studies reported in Sections 2 through 8

confirm that substantial benefits may result from the proper

use of feedback using the © * controls and also the
conventional controls, <. 1. a nigh level of confidence
in the validity of the r= ..* ' ge¢d on the correlation with

test data pec:~ m:d using the methodology of this report.
Examples of this predictive and correlation capability are
given in the text and a more extensive coverage of its topic
is given in the test report on the full scale test of the
Model 222 26-foot diameter rotor in the NASA-Pmes 40 X 80-foot
tunnel. Hence the broad conclusions and recommendations of

the report may be accepted without reservation.

The parametric studies on rotor derivatives show that the low
in-plane stiffness rotor enjoys a negative hub pitchinc moment
under normal flight conditions so that the net destabilizing
effect of the rotor on static stability is less than that
which would exist for a high stiffness blade and this is
confirmed by test data. This has berneficial effects on

horizontal stabilizer area req'iremen:s.

Studies in blade load alleviation and stability augmentation
show that various alternative objectives may be met using
cyclic feedback. Cases examined included minimization of blade
flapping, and minimization of net pitching moment about the

aircraft center of gravity. No stability problems were en-
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countered although additiona! shaping was recommended in

one case to increase the phase marg.i:x, 4 w2 found that the
requirements of gain and azimuth migh. .e w..lcerent .o dynemic
gust response cases compared with steady «* te .lleviatinn

and methods of resolving these requivements arc identified

and recommended for further study.

The use of feedback through tne ccnventional controcl sys..ms
for direct lift control and alleviation of normal acceleration
response in turbulent air was studied and found to be effective
in cruise and less effective in transition. The reductions

in response demonstrated were 45% in cruise and 15% in transi-
tion. These results are extremely encouraging since they

were obtained without special effort at optimization, or
inclusion of elevator feedback effects to trim the pitching
muments due to flap and spoiler application.

Collective pitch governor studies indicared that a governing
system which senses the RFM variation of each rotor and feeds
back collective pitch proportional to the averaged signal
should be chosen as the configuration wnich satisfies the
requirements of a tilt rotor aircraft., RPM variacion has been
shown to be within the error criteria for (1-COS)ard random
axial gusts. This governor system does not produce any siyni-
ficant degradation in the flying qualities »f the aircraft and
the response to axial or head on gusts is very substantially

atteauated.
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Extensive work on moda® suppression showed that very sub-
stantial increases in Camping of selected - des could be
accomplished and this result has been fully confirmed by
full scale tests in the 40 X 80-foot tunnel. Attempts to
introduce additional damping to the blade modes in hover
showed some promise, but this topic was not fully developed
because it is of somewhat academic interest at the present
time.
A generai conclusion which emerges from these studies is that
the full potential of some systems depends on interaction
with an associated system, These relationships are summarized
in Table 9,1, Thus, the effectiveness of a blade load
alleviation system will be enhanced if aircraft acceleration
response to gusts.is reduced by direct lift control., Con-
varsely the effectiveness of a direct 11ft feedback system
may be improved when working in conju ction with a high rate
swashplate modal suppression system. Thus, there is a
strong case for the eventual implementation of all the
feedback controls listed, however, priority should be given
to the conventional SAS, rctor governing and blade load

alleviation systems.
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10. HARDWARE CONSIDERATIONS

y X

o1

10.1 INTRODUCTION

From the standpoint of hardware implementation the feedback
control is subdivided into two major subsystems: the Stability
Augmentation System (SAS) which accomplished the functions of
rate damping, load alleviation, mode suppression, and turn

coordination, and the Governor System which accomplished the

ki Al W e ..

function of rotor speed stabilization and collective control

oy

quickening in hover. In the SAS system we are primarily

concerned with the load alleviation and modal suppression sec-

Pl
[ |

tions of the system. Changes in the currently proposed Model

;’ 222 hardware which would be needed to implement the recommenda-~

3
1

tions of this report are discussed in paragraphs 10.4 and 10.5.

¥ Puger

In each case changes have been suggested which would reflect
the minimum cost and modification to the Model z22 flight
control system.

10.2 STABILITY AUGMENTATION SYSTEM (SAS)

SAS stabilization occurs through differential electrohydraulic

i

!

} actuators (extensible link type) inserted in the primary
mechanical flight control system. The actuation points for

{ the SAS are as follows- primary longitudinal control for

longitudinal rate damping, longitudinal load alleviation

and longitudinal mode suppression; primary lateral control

for lateral rate damping; primary directional control for

—— P 4

Yaw rate damping; lateral cyclic control at each rotor for

;M

lateral load alleviation and lateral mode suppression., A

typical hardware functional block diagram of the SAS is

:i 271

o




R
g
PR AL

mom BT

A P - TERTPRS
e e gr B AL N ‘@?’R't"’fh?w’-'f’. S W

SRR

R e

S WA AT s Ly

B 7 e

it W 1 e ameahetle e e

D222-10060-~3
shown in Figure 10,1.

10.2.1 Redundancy

The level of redundancy of the SAS is dictated by the required
authority, and by the SAS failure requirements,

A fail functional system requires at least triple redundancy
regardless of the authority. Fail functional is defined as
the capability of the system to continue to perform its
function without any degradation after any single failure,

A fail operative system requires at least dual redundancy.
Fail operative is defined as the capability of the system to
perform its function after any single failure with any or all
of the following restrictions: a) Reduction of system

authority after failure; b) Tolerable transient at failure;

c) Manual shutdown of failed channel to restore system function.

Reduction of failure transient in a fail operative system can
be achieved through cross coupling of SAS feedbacks. A hard-
over in one channel link is partially compensated by motion

of the other link(s) in the opposite direction commanded by
the cross feedback. 1f the required SAS authority is ample
enough, then avoidance of an intolerable transient at first
failure in a fail operative system may require a level of
redundancy above cdual. Because the required SAS authority can
be significantly different from one control axis to anuther,
different levels of SAS redundancy can be adopted for the

various control axes.
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10.2.2 Hardware REV. A

10.2.2.1 Sensors

Load Alleviation - There is a variety of sensors which can be
used for load alleviation. The strain gage type sense load
variations directly; their sensitivity and frequency response
are quite adequate. The reliability record of this type of
sensors in an aircraft environment, however, is not well
established and even with utmost care in installation, the
sensor is one order of magnitude less reliable than the rest
of the system., At present Boeing-Vertol uses a strain gage
type of sensor in its cruise guide indicator to monitor rotor
loads. The angle of attack/yaw sensor (A(g; sensor) type
senses load variations indirectly by sensing the resultant
effect of loads on aircraft motions. The most commonly used

type is the differentia’. pitot-static pressure type used as a

8ideslip sensor on the CH-46 and CH-47 production aircraft.
This device is very reliable and

has adequate sensitivity and frequency response. Its range

of operation, however, is above 40 knots airspeed, thus making
it unusable at hover and low speed operation. Another device
developed recently and not yet in production is a differential
airspeed senscr based on the generation of vortices by a strut
in the airstream at a rate which is proportional to the airspeed
past the strut. This is a very sensitive device and operates

at airspeeds down to 1 knot. 1Its frequency response is quite
adequate. The device is being tested by the Flight Dynamics

Laboratory and should have an established reliability record
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in the time frame of interest for the stowed rotor aircraft.

Mode Suppression - The most practical and reliable type of

sensor available for mode sensing is an accelerometer. Units
are now available off-the-shelf with the required sensitivity
and high frequency resronse., Highly selective filtering must
be accomplished in order to discriminate mode frequencies from
the normal aircraft vertical accelerations due to gusts and
maneuvers. An alternate type of sensor is a sensitive gtrain
gage located on the wing skin. Filtering of the signal output
is again necessary to discriminate mode frequencies from
normal wing loads due to gusts and maneuvers,

10.2.2.2 Signal Processing

Electrical signal processing does not present any major
problem. Use of integrated circuits and micrologic permits
such functions as signal amplification, filtering, logic
switching and redundancy management to be accomplished without
the need for cumbersome and complex circuits. Multiple filters
of the Tchebyscheff or Butterworth types can be used for highly
selective filtering in the mode suppression feedback. Micro-
electronic components available now are highly reliable and
relatively inexpensive,

10.2.2.3 Actuators

The actuators required for SAS are high power, fast acting
differential actuators. The requirement can best be met by
electrohydraulic actuators. Two types have been considered

and found to be adequate. One is of the position summing
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type (total SAS piston movement and authority is the sum
of the piston movement and authority of the individual
actuator units); the other is of the force summing type
(total SAS force is the sum of the forces of each unit),

10.3 GOVERNOR SYSTEMS

Rotor speed governing is achieved by controlling the collective
blade pitch angle only; no engine power control is involved in
speed governing. The governor actuator is inserted differen-
tially into the collective linkage of the primary controls;
thus, a single actvator controls blade pitch on both rotors,
Integral control is used in order to achieve the objective

of a steady state governing accuracy of 0.3% of rotor speed.
The rotor speed demand signal is programmed as a function

of nacelle tilt angle. This demand signal is compared to
actual rotor speed signal and the difference is used to drive
the governor actuator. Provision can be made in the governor
to accept control quickening through a washed-out signal

from the longitudinal control stick transducer. The functional
block diagrams of three separate possible govern system config-
urations are shown in Figures 10.1, 10.2 and 10.3 and described
below. Each of the configurations is redundant in order to
comply with the failure safety requirements.

10.3.1 Dual Electromechanical Governor System

Figure 10.2 shows a dual electromechanical system with one
channel active and one in synchronized standby. Switching

from the active to the standby channel occurs automatically
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upon sensing of a failure in the active system. The logic
to sense a failure requires a third rotor speed sensor and
third feedback to determine by majority voting which of the
two channelis has failed, Provision is made for manual oper-
ation of the governor after failure of both active and standby
channels and their subsequent shutdown. Manual operation is
possible only if the two failures do not involve either motor
or clutch in both channels. In manual operation, the rotor
blade pitch is positioned through a beep switch to the angle
providing the desired rotor speed. This mode of operation
obviously requires a substantial increase in pilot workload
and does not provide either accurate or fast rotor speed

control.

The system is thus fail functional at first failure; however,

safety of manual cperation after second failure is not obvious,

in light of the required additional pilot workload to operate

the governor.

10.3.2 Triple Electrohydraulic Governor System with Model
Channel

Figure 10.3 shows a system consisting of three #~tive channels

and a model channel. Each channel controls one sect.i..n of

a triple electrohydraulic force summing actuator. Each

actuator section has a failure monitor/pressure feedback

valve which provides prsssure equalization among the three

sections in normal operation, mmd if equalization fails to

occur, prnvides the failure signal to the channel logic.
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The three active channels by themselves provide fail
functional capability at first failure and the possibility

of hardover at second failure. In order to provide a fail
functional capability at second failure, a model electrical
channel is added which is used only to detect a second

failure and to immediately shut down the failed channel. 1In
order to achieve the dual fail functional capability, three
independent hydraulic supplies are required, and an electrical
supply which has a dual fail functional capability. The
failure detection logic associated with the model channel is
relatively much more complex than the logic required to
detect first failure,

10.3.3 Quadruple Electromechanical Governor System

Figure 10.4 shows a system consisting of four active channels,
The actuator is quadruple electromechanical; each channel is
velocity summed through mechanical differentials in the
actuator. Failure in one channel is detected as a motor
runaway condition; if the channel fails dead, there is no need
to detect the failure and remove the channel from operation
in flignt., A fail functional capability is achieved at both
first and second failure because any runaway of one motor

due tc channel failure is compensated by the remaining

three or two motors until the failed channel is automatically
removed from operation. A quadruple system instead of a
triple system is chosen because the simplicity of the failure

detection logic in a quadruple system far outweighs the
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additional complexity of a fourth motor in the electromechanical
actuator. This is not the case in the electrohydraulic actuator
system of Figure 10.2 where addition of a fourth section would
make the actuator too costly, too heavy and too complex. No
hydraulic power supply is needed for this system. The electri-
cal supply must have a dual fail functional capability in order

to achieve dual fail functional capability for the entire system.

10.4 MODIFICATIONS OF FLIGHT CONTROLS

10.4.1 Tilt Rotor Modified Flight Control System

A minimal change approach to modifying the proposed Model 222
Flight Control System to include full load alleviation/mode
suppression and lift augmentation is shown on the flight con-
trols schematic of Figure 10.5. Four dual extensible link
actuators are added as shown. These are essentially the same
units now used for roll and yaw SAS for Ay (lateral) cyclic
feedback actuators, and their function is to provide the capa-

bility of differential yaw control.
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10.5 HARDWARE MODIFICATIONS

Assuming that the rate damping capability is present in the
aircraft operating through differential actuators in the

longitudinal, lateral, and directional axes, addition of the

load alleviation, lift gust alleviation and modal sunpression

functions entails the following hardware changes.

10.5.1 Load Alleviation

Two dual extensible link actuators must be added in each of

the two nacelles for complete differential cyclic control.

The SAS electronics must have the added circuits to process

the load alleviation signal from the sensors. Dualized

load alleviation sensors comprising the angle of attack sensors

and the sideslip sensors must also be added.

10.5.2 Lift Gust Alleviation

In order to control the spoilers, the flaps and the elevator
irdividually, three sets of dual extensible links must be
added in the control linkages located so as to permit collec-
tive operation of the flaps and the spoilers. The required
circuitry for signal processing must be added in the dual SAS
electronic boxes., Dual A(g) sensors or dual accelerometers

must be mounted to sense lift gusts.
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10.5.3 Modal Suppression

Modal suppression can be added without addition of any actua-
tors, since the actuators for mode suppressior. are the same
as those used for load alleviation. The SAS electronic boxes
must be moaified to hold the necessary circuits to process the
mode suppression signals. The sensors for mode suppression

are dual wing tip accelerometers.

In summary, the additior of the above functions requires
doubling of the complexity of the SAS electronics over that

of the standard rate damping SAS, addition of four dual exten-
sible link actuators and the mounting of dualized A(q) sensors,
dualized accelerometers, dualized angle of attack sensors and

dualized sideslip sensors.
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11.0 RECOMMENDED PROGRAMS

The programs of work recommended below fall under three major
headings. These are:

(a) Analytical studies

(b) Wind tunnel tests

(c) Full scale flight test implementation

Discussion of (c¢) is divided into programs for which provi-
sion has been made in the Boeing proposal for a tilt rotor
research vehicle, and additional programs which would entail
modifications to the control system or additional sensing and

avionic components.

11.1 RECOMMENDED ANALYTICAL STUDIES

A P . . C

A group of recommended analytical studies are set out in

Table 11.1. These include investigations directed toward

more efficient use of swashplate feedback for load alleviation
and modal suppression, the combination of different types of

feedback control, and first cut feasibility studies

,.. ‘_.u_ﬁ
‘end WS WS N WP As WIS A bemw

on control configured vehicles and systems where reliance is

placed on feedback to maintain aeroelastic stability.

In the course of the current contract,aspects of the load
alleviation systems and modal suppression systems emerged

which merit additional study. These include the resolution

286



seobueyo IouTtw

D222-10060-3

A3r1Tqeded
03 sabueyo I0UTW

A1snoa

-uel(nuwrs swaisds ajerd
-ysems pue JJTT 3IODITP
Jo uor3ejussaxdax 3TW
-xad o3 Ajyrriqeden Hut
-3S5TX3 03 SUOCT3IROTITPOW

aaoqe sV

(8v¥-2)
AitrTrqedeo burlsTxa
03} SUCT3IEeDTITpPOW JOUTK

sjuswaxtnbay
Abotopoyasn

TTT e mEm @R wem e S S, IPTRNTUNY, TTANSWWOOEY - TTT HIEYL

B e ST, D TR
QOGP IERERECTCIRSE - IV e e R
AL R YA . I LR T S [N

sbutm x93ybTT
pue IaUuuTyl

beap pue jybram
Ul uorjonpayd

swajisis

uoT31ONPaI SPeoT
8peId JO SSIUdATY
~D33139 paseaxd
-ut pue asuodsax
spow potxad jxoys
Jo uorjonpay

*§309339
9pTSs FO uUOoTI
-onpay °OIToAD

afgqeiteaR JO 3sn
9AT3D9339 DIOW

S9seD OTWeRUuAp
pue OT3e3s
usamiaq 3IOT13
-Uod FOo TraOCWII
pue ‘saatjoalqe
FO JuswaalaTyoe
aatT3Tsod aaow

sabejueapy
arqrssod

R 2t

ES3UIITIS 3JO
Apn3s otxjaurexed

abeuusdua
Jo Teaocuwsax ajzaTd
~woo I0 Ter3iaed

swa3lsds pautquod
FO JuswssassyY

butdwep xo03

sde1y JI0 sauea
d13 I0/pue OTTOAd
Tg pue Ty passeyd
Jo asu axojdxd

*3oeqposz
Tg pue Ty peseyd
osI¥ -Xouanbaxz

JO uor3iouny se

YInurze [oI3juod o3
sSuoT3IdUNy IajsueIy

&ﬂ*we Vb .’,m:?. PEYS RN

k]

JO 9sn 3ajeniead

s3yoadsy maN

Sl

wa3sAs >oeqpaaz
Aq ssauz3jT3s uo
aduetiax aoerdsy

8I93ZTTTq

-e3s 1edT3I2A pue
1e3uozTIO0Yy SIowjdax

031 Yoeqpaazy ajerd
-ysems jo asn axordxzx

3oeqpaaz OTISAD

U3ITA Buote youq
-p933F TOI3UO0D TeRUOTI
~-usauo> buisn aIqrs
-sod 8T speol aperq
JO TOI3U0D 3ATIODIIFO
axow XYz axordxd

eguodsax
Tepow Jo uoI3IONPIY

s838nb

pue sJIaAnauew
JUSTSURI] UT Speol
spelq JO Ioajuod

saaT308lqo

o oy

L=

g wepurnrert >

£3111q

-e38 D138RII0IIT

Jo Toajuod Axeum
-1ad 203 soeqpead (S

83TPN3I8 OIOTYSA
p@xnbryuoa toxzuod (¥

UOTIRTAITTI®
SpROT apeTq I03
}ovqpaaz 23erd
-ysems pue 3IJT
303xTp paurquo)d (g

uotrssaxddnsg
Tepow pue A3T{Tq
-e38 o13seId0IAV(Z

uoTr3l
-ejuawbne L3TITq
-e38 pue swalsis
UOTIRTAITI® DROT
ape1q IYbTT1F 99xa(1

waysiks

il il tAER AN



Pl g T

o

o
>

BT L HN

t o

U TE T TR T T SR PP R g

-

BT AL AR e -

T

D222-10060-3

of azimuth requirements at different frequencies of loading.
In Section 3 it is shown that the feedback azimuth appropriate
to static conditions is significantly different to that
required for alleviation of a gust. A method of resolving
this conflict may be to control azimuth as a function of fre-
quency by the agency of different attenuating filters in the

Al and B1 channels.

Another aspect which has emerged from the current study and
confirmed by tests is that a dyn#mic conception of the rotor
is required for adequate mathematical modalling. This is
particularly apparent in attempts to obtain pure normal force
and pitching moment feedback signals. It was found that under
oscillatory conditions no azimuth existed about which the
swashplate could be rotated to produce normal force without

an accompanying component of side force. It had been expected
from static experience that such an azimuth could be found,
but on reflection it is obvious that under dynamic conditions,
the swashplate will require a precession or wobble in order to
produce a force or moment vector which may be adjusted to give
normal force or pitching moment without an associated side

force and yawing moment. Such a precession is generated by

providing time phasing between the pitch and yaw cyclic signals

288
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demanded by the control system. The advantages of such an

arrangement are twofold:

(1) All the system authority (which is limited for sev-

eral reasons) is directed to producing useful output,
with a correspondingly more effective system

(2) Potentially adverse loadings are removed, i.e., the

oscillatory side forces generated when only normal

force is required

The studies reported in the current volume have not attempted

to explore the potential of these concepts. It is proposed

that they be the subject of a separate investigation which

would include the following topics:

(a) Phase and relative A, By gain optimization of a

blade load alleviation system over a practical range

of static and transient gust and maneuver conditions
(b) Phase and relative A;, B; gain optimization of a
modal suppression system under the same conditions

(c) 1Integration of both systems with a governing and

direct lift feedback system and reevaluation of

optimal settings

It is also proposed that this may be confirmed by wind tunnel

test demonstration as outlined in Paragraph 11.2. An initial

289
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and fairly inexpensive demonstration of the effectiveness of
phased swashplate feedback is proposed using a reactivated
1/9.26 scale model in the Princeton tunnel, and it is hoped
that by the time further model work using the 1/4.622 scale
model and full scale flight testing, the principles of phased
swashplate feedback would be well established, and be demon-

strated further.

In the work to date, feedback has not been considered a primary
means of ensuring aeroelastic stability, but only as a modal
suppression or damping augmentation system. It is now pro-
posed to explore the potential benefits in weight and per-
formance that would accrue from the use of feedback to relax
wing stiffness requirements and permit the use of thinner and

lighter wing structures,

An additional concept which merits analytical investigation in
the near term is the control configured tilt rotor vehicle.

It is considered that a stage of development and validation of
analytical methodology relating to tilt rotor feedback control
systems has been reached, where studies of advanced control
configured vehicles may >e profitably undertaken. The controls
configured tilt rotor system would use rotor forces and moments
to provide the stability and control currently envisioned

to come from the empennage and empennage controls, Thus,
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longitudinal and directional stability and control would be
provided by rotor forces and moments only. Lateral directional
control and stability would be provided by differential rotor
forces and moments including differential collective and ail-
eron and spoiler motions. For example, the yaw damping and
stiffness effectiveness of a vertical stabilizer would he
replaced by differential collective signals proportional to
rate of sideslip and angle of sideslip respectively. The
dynamics of the rotor are an integral component of any such
system and it is believed that a state-of-the-art has now

been demonstrated where meaningful analytical studies may be
undertaken., These studies would determine the control ranges
required, the feedback system characteristics in terms of gains
and authorities and would investigate the effect of the systems
on the rotor blade stresses, Required nacelle tilt rates and
the effect of these on the nacelle tilting system would be
investigated, These would logically preceed attempts at

tunnel demonstrations and full scaie design.

11.2 PROPOSED WIND TUNNEL PROGRAMS

A number of wind tunnel programs are proposed in Table 11,2,
These envision tests on the 1/4.622 scale model of the M222
aircraft and further testing of the 1/9.622 scale model dis-

cussed earlier to investigate new syscem concepts.
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The tests proposed for the 1/4.622 scale model are in two
groups. The first three use currently defined hardware and
may be performed with little or no modification to the exist-
ing model. The fourth which is intended to demonstrate a
direct lift system would require control system modification
to permit symmetric actuation of flaps, spoilers and elevators.
Reactivation of the 1/9.622 scale model involves minimal hard-
ware modifications since only the electronic processing of

feedback signals would need changing.

The 1/9.622 scale model te3t would investigate the use of the
concepts of signal shaping discussed in Section 11.1. The
1/4.622 scale tests would involve demonstration of currently
defined systems and also the new concepts of signal shaping
discussed and demonstrated in the 1/9.622 scale test. Pro-
grams 1, 2 and 3 might profitably be merged into one test
while number 4, the direct lift program, might entail a second
installment. The first section (Tests 1, 2, 3) probably
represents a 2-3 week period of tunnel occupancy and test 4 is
probably a similar time span since the swashplate systems

settings would be reoptimized during this test.

The 1/9.622 test is a research oriented activity and will,
therefore, also require approximately a 2-3 week tunnel occu-

pancy.
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11.3 PROGRAMS PLANNED AND ADDITIONAL RECOMMENDED PROGRAMS :
FULL SCALE FLIGHT TEST

Recommended full scale flight test programs associated with

fizedback controle are listed in Table 11.3.

+1.3.1 BLADE LOAD ALLEVIATION SYSTEM AND STABILITY AUGMENTA-
TION ON THE NASA TILT ROTOR RESEARCH VEHICLE

The NASA Tilt Rotor Research Aircraft is configured to include
a load alleviation swashplate feedback system. The system as
proposed by Boeing Vertol senses angle of attack and sideslip
and processes these signals to give swashplate A; and B; cyclic
responses; the objective is to reduce the blade loads induced
by trim changes, gusts and maneuvers and concurrently improve
aircraft dynamic stability. The system will be flight tested
and optimized. The flight test program of development and
testing will be preceded by scaled model testing to demonstrate

the system. The model testing ia discussed in Section 11.2.

11.3.2 DIRECT LIFT FLIGHT PATH CONTROL AND GUST ALLEVIATION

The rotor swashplate systems discussed are of limited force
level and have significant time lags due to rotor response.
The alleviation of "g“ response to high frequency turbulence
requires a more powerful and faster acting system which pro-
vides a direct feedback on aircraft lift. It is proposed that

the flap and spoiler controls be modified to accept symmetric
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D222-10060-3
commands from an angle of attack sensor. The system will
also comaand suitable amounts of phased elevator travel to
reduce pitching response caused by the gust and flap and

spoiler operation.

The effectiveness of such a system would be examined on a
scaled model prior to a full scale commitment and as irdicated
in Table 11.3 model or full scale tests to acquire empirical
data on oscillating flap and spoiler lift and downwash is
probably advisable prior to final definition of the system.

11.3.3 MODAL SUPPRESSION SYSTEMS BASED ON ROTOR/SWASHPLATE
FEEDBACK

A recommended program which ieg a ready adaptation from the
load alleviation system is the modal suppression cr aeroelastic
stability augmentation system. The system has a substantial
nunber of hardware items in common with the load alleviation/
stability augmentation system discussed above. Common swash-
plate actuators may be used with different sensors and signal
shaping. The ability of such a system to reduce wing response
in turbulent air would be explored and damping measurements
made. Such a system has been demorstrated in the 40 X 80
tunnel at NASA Ames, and very substantial increases in wing
damping shown to be available. The system envisioned here
wou'd be more advanced in certain respects than those tested
to date.
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The chief differences; will be in the type of feedback signal
used and in the phasing of the pitch and yaw cyclic commands.
It is believed that a more efficient use of the available
control authority may be brought about by the use of phased
Ay, By or wobbling swashplate control. The modal suppression
system by reducing the wing response will attenuate the asso-
ciated cabin accelerations due to turbulent air, and will
thus supplement the direct lift control system, which is
highly effective in counteracting gust force oa the overall

aircraft, but 1s not necessarily effective in reducing modal

responsiveness.
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11.4 PLANNING CCSTS AND SCHEDULES

Planning costs and schedules are presented in this section for
a program which will evaluate the following systems:

. Load alleviation feedback

. Direc_ lift gust alleviation

. Modal suppression systems using swashplate

feedback

The planned program will include flight tests and will be
supported by analytical studies and scaled model wind tunnel

tests.

11.4.1 ANALYTICAIL STUDIES

Studies will be performed to support the planned program
including pretest predictions and safety anailyses. 1In addition,
investigations will be made of contiol configured vehicle sur-
face studies, and feedback for primary control of aeroelastic
stability. The planned program does not include the imple-

mentation of the results of the additional studies.

11.4.2 DESIGN AND HARDWARE MODIFICATION AND INSTALLATION

The tilt rotor aircraft's flight control system will be mod-
ified to incorporate the planned systems (including sensors,
actuators and SAS control box circuits). Components will be

bench checked and the modified and/or added components will be
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installed on the aircraft at offsite Government facilities.

11.4.3 MODEL WIND TUNNEL TESTING

A contractor's tilt rotor model will be refurbished and mod-
ified to incorporate the planned systems modifications. Three
test programs will then be conducted to determine the follow-
ing characteristics:

. Blade load alleviation

. Rotor governing and blade load alleviation

. Modal suppression system

. Direct lift control

. Phase swashplate feedback
The rests will be conducted at the contractor's wind tunnel
and at the Princeton facilities. The gust generator required
for one phase of model testing has not been priced in this
plan., It was assumed one would be available in the 1977 time
frame. Tunnel occupancy will be for 280 hours and the total

test period will be seven (7) weeks,

11.4.4 GROUND AIRCRAFT TESTS

The modified control system in the aircraft will be proof

loaded. Functional and frequency response stability checks

will alss be made.
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o
A 11.4.5 FLIGHT TESTS
A
E%;{ The modified control systems will be demonstrated in a four
3 %; (4) week flight test program after completion of NASA tests
| %E on the tilt rotor research aircraft in the 1978 time frame.
% Testing will be performed by NASA with Boeing Vertol providing

supporting personnel. No 40' x 80' wind tunnel testing is

included in this estimate,

The planning costs presented are based on projected CY 1977
planning dollars which is intended to represent an average

for the period of performance:

i g g R FRGATT PRI o,

M.H. COST S

-1

ANALYTICAL STUDIES & PRETEST
. ! PREDICT IONS

ENGINEERING 8,500 277,525

% A e W s

HARDWARE MODIFICATION
DESIGN
ENGINEERING 2,734 89,265

FABRICATION & INSTALLATION

ENGINEERING LIAISON 560 18,284
! DEVELOPMENTAL LABOR 1,644 38,075
‘ PLAN. LIAISON, PROD. SUPPORT &

TOOL SERVICES 253 5,976
l QUAL1TY CONTROL 181 4,442
MATERIAL 13,780
2,638 169,322

l 300

. RN RN SR )

wee TS GED WD WIS WP Y BN G (I N G W P e ey ew



%

—

WIND TUNNEL TESTING

ENGINEERING

R "
e s T R 3 N O T
‘IQE%;$¥¥Q P o et
SE RSN S A

Man) Sl D PN W e
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PLAN, LIAISON, SERVICES
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QUALITY CONTROL

MATERIAL

GROUND TESTS
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FLIGHT TESTS
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MANAGEMENT DATA
REDUCTION & REPORTS

S
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M.H. COST s
12,178 397,612

7,595 175,900
1,110 27,635
835 . 20,490
22,750

21,778 644,337

640 20,896

480 15,672
3,920 127,988
5,040 164,556

40,690 1, 256,290
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APFENDIX A- DESCRIPTION OF THE MATH MODEL

The math model used to evaluate the various feedback configur-
ations was designed with emphasis on simplicity so tnat any
affects of the feedback could be easily evaluated. At no
point, however, was the model stripped of the necessary blade,
structural, and rigid body modes so that it was not fully
representative of a tilt rotor vehicle with a soft in-plane
rotor. 1In cruise, aerodynamics wére tailored to yield

flying quality modes which were representative of this style
aircraft. In hover the aerodynamics represented a case with
all flaps down and all umbrellas fully open (i.e., no fuselage
or wing aerodynamics). A normal evaluatior case would contain
twelve to fifteen degrees ol freedom including blade elastic

modes, wing vertical bending, wing chord bending, wing

torsional bending, any of the six rigid body freedoms, and gene-

ralized feedback freedoms. A more complete description of
the math model is included in the C-48 User's Document

(D210-10435-1) .

Physical characteristics of the math model are similar to the
Boeing Model M222. Figure A.l, A.2, and A.3 show the rotor
geometrical properties and the blade frequency properties from
various RPM and collective pitch settings. Figure A.4 deli-

neates the wing uncoupled modal frequeacies.
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WEIGHT DISTRIBUTION - LL/IN

FIGURE A.l MODEL 222 - ROTOR BLADE PROPERTIES

TWISYT DISTRIBUTION - DEG

x/R AW, 0X, LB/IN x/R 6,DEG
1.0 (TIP) 1.422 1.0(TIP) -7.79
.G75 l.422 .975 ~7.79
275 .395 .9 -5.19
.95 +395 .8 -1.73
.90 .395 .75 ¢ 0.
.85 .404 .70 1.73
.80 .684 .6 5.19
.75 .406 o5 8.66
.70 .409 .4 12.12
.60 .414 .35 13.85
«50 422 .3 16.10
.45 436 .25 18.75
.30 .313 .2 22,20
.25 .308 .15 27.85
.20 .303 .10 33.38
<15 .356 .072 33.38
.10 .486 0 (ROOT) 33,38
.072 . 583
072 6.4
¢ (ROOT) 6.4

BLADE FLAP EI

BLADE LAG EI

E1,x107%,LB. 11,2

x/R EIBxIO‘G,LB.IN.Z x/R

1.0 3.78 1.0 (TIP)

.9 3.86 .9

.8 3.84 .8

.7 4,21 .7

.6 4,31 .6

.5 4,92 .5

.45 5.50 .45

.3 7.54 D3

.2 10.50 .2

.15 13.82 .15

.10 27.55 .10

.072 49,16 .072

.072 1.x106 .072

0 (ROOT) 1x.108 0 (ROOT)

Radius = 156 XInches
Chord (Constant) = 18.85 Inches

535.
535.
520.
510.
510.
520.
540.
41,57
35.00
36.76
44,71
50.98
1.x10€
1.x106

T oM 48234 (27071
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(TODEL 222 TILT ROTOR RESEARCH AIRCRAFT

SYHETRIC FODE  FREQUENCY
VERTICAL BENDING . 3.6 CPS
CHORDHISE BENDING 5.4 CPS
TORSION 6.1 CPS

ANTISYMIETRIC MODE . FREQUENCY
VERTICAL BENDING | 11.2 CPS
CHORDWISE. BENDING 9.1 CPS
TORSION 5.7 CPS

FIGURE A.4 WING !INCOUPLED FREQUENCIES (BLADES OFF)
CRUISE CONFIGURATION

FO™Mm 4020¢ 12/00)
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APPENDIX B - SINGLE GOVERNOR WITH TWO SENSORS BODE ANALYSIS

e

Bode analysis was made of the governor feedback loops for

g
R

[ sy [ )
v . t.m %

RPM feedback in various flight conditions to determine the
maximum gains and need (if any) for filtering of high
frequency signals, A criteria of 30-degrees phase margin or
6 dB gain margin (whichever is most stringent) was used.
These margins are well recognized in the literature (for

example, Saucedo and Shiring - Introduction to Continuous

and Digital Control Systems) as limits which yield good

transient and steady-state response.

The following definitions of gain and phase margin were

applied.

¢ the gain margin is the reciprocal of the gain

L4

at the frequency at which the phase angle reaches
180-degrees

the phase margin is the phase angle in degrees which
the phase diagram must be shifted in order to

obtain 180-degrees phase angle at unity gain.

All governor components in the block diagram of Figure

have been represented except the sensor dynamics. Sensor

M A AN, i i, PR AWy T
al L "
X — . "
o]

frequency response is essentially "flat out® to 50 cps and
spot checks of the Bode diagrams indicated that the sensor
dynamics did not influence the maximuT‘gain levels.

Levels of gain specified on the Bode plots correspond to

values of G on the block diagram and have units of volts per

309
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REV. A
volt. They are not to be confused with values of loop gain
which have units of degrees per RPM,
The harmonic response was obtained using an option of the
C-48 Flying Qualities and Aeroelastic Stability Program, A

description of the program is contained in Boeing Document

D21¢ -10435-1.
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APPENDIX C - "FLY BY WIRE": CONVERSION OF M222 CONTROL SYSTEM
TO _ELECTRICAL SIGNALING

Because the tilt rotor control system requires extensive mix-

ing, gain and shaping changes as a function of flight condi-
tions, it appears to be a good candidate for a fly-by-wire
system., While a fly-by-wire study is not proposed at the
resent time as part of the follow on program, the following
paragraphs discuss some aspects which should be given further

consideration at a later date.

A block diagram for a possible fly-by-wire control system to
do the same job is also given (Figure C-l). Thisz system

would use the same cockpit controls, artificial feel units

and ASE actuators as the proposed Model 222, Also, the swash-
plate actuators, spoiler actuators and flaperon actuators
would remain the same. Dual hydraulic power actuators wou.d
be added for the rudder and for the «? .or. Thirteen
quadruple-driven actuators would then Le added as shown to
convert electrical signa” <« co mechanical inputs at the hydrau-
lic power actuators. f7These could possibly be electro-ram type
actuators of the type we now propose .: us. or the governor

system on the Model 222 (or they could be electro-hydraulic).

A summary of the actuator tradeoff is given below. The rest
of the tradeoff consists of replacing five ratio changers,

eight scheduling cams, fourteen stages or mechanical mixing,
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(mechanical differentials), four governor speed settings LVDTs,

foar collectiva pitch "quickening" LVDTs, and 90% of the

N

mechanical routing linkage -- with, sixteen cockpit LVDT pick-
offs, four individual channel FBW control boxes and the asso-
ciataed wiring. It is assumed that the sensors required and

much of the automatic system electronics would be the same in

W R P

both systems. The tradeciff in actuators between the tilt

rotor FBW control system and mechanical system with full load

e

alleviation/mode suppression capability is:
DELTA ACTUATOR COUNT - remove from mechanical system
a) 4 dual stick boost actuators
b) 8 dual extensible link SAS actuators
c) 1 triple extensible link SAS actuator
d) 1 quadruple electromechanical gov2rnor actuator
e) 1 electromechanical DCP trim actuator

ADD FOR FBW SYSTEM

i a) 13 guadruple-driven actuators

7 b) 2 dual power actuators at rudder and elevator
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